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Electrochemical oxidative polymerization of rigid, multifunctional monomers allows for the 
generation of microporous thin films with high surface areas. In this work, multifunctional 
carbazole- and thiophene-based rigid monomers were utilized as tridimensional building 
blocks (tectons) toward the electrogeneration of microporous polymer films. The monomer 
structure plays an essential role on the properties of the resulting microporous polymer 
networks. A distinct correlation is observed between the number of electroactive substituents 
in the monomers and the specific surface area of the corresponding microporous polymer 
films. Potential applications were explored for the chemical and electrochemical detection of 





Die oxidative, elektrochemische Polymerisation starrer, multifunktioneller Monomere 
ermöglicht die Erzeugung dünner mikroporöser Filme mit hoher Oberfläche. In dieser Arbeit 
wurden multifunktionelle, dreidimensionale Carbazol- und Thiophen-basierte rigide 
Monomere (Tektone) dazu verwendet, elektrochemisch dünne mikroporöse Filme zu 
generieren. Die Struktur der Monomere spielt für die Eigenschaften der dabei entstehenden 
mikroporösen Polymernetzwerke eine entscheidende Rolle. Es wird ein Zusammenhang 
zwischen der Anzahl der elektroaktiven Gruppen des Monomeres und der spezifischen 
Oberfläche des entsprechenden Polymerfilmes beobachtet. Einige dieser mikroporösen 
Polymernetzwerke wurden für Anwendungen als Sensormaterial sowohl für die chemische, 
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1.1. Electrogeneration of Microporous Polymer Networks 
Over the past decade a new class of porous materials, named microporous polymer networks 
(MPNs), was developed. The mainly non-crystalline materials are covalently bond and highly 
crosslinked organic structures that often show high porosity and intrinsic surface area. 
Chemical synthesis of MPNs was mainly accomplished by solution polymerization methods 























 and photoluminescence-based sensing.
29
 
However, MPNs produced by these methods are insoluble and practically intractable powders 
(or in some cases, monoliths) which cannot be processed into high quality thin films. The 
availability of thin films, however, is a desired characteristic for several applications e.g. in 
organic electronics. Some approaches have been proposed for producing thin MPN films, for 




 and electrochemical 
oxidative polymerization.
32-36
 The electrochemical preparation of conducting polymers (CPs) 
has been studied for the last three decades including mechanism studies,
37-39
 doping, dedoping 
and overoxidation processes,
40,41
 as well as the resulting physical properties of the films as 
electronic and ionic conductivity.
42,43
 Regarding synthesis, the influence of various 
experimental parameters, e.g. polymerization technique, applied potential or current profile, 
temperature, solvents, additives and supporting electrolytes; on the properties the 
electrogenerated CPs have also been investigated.
44
 The electropolymerization method allows 
for simultaneous polymer formation and deposition in short times, under mild and metal- or 
catalyst-free conditions. Concerning the mechanism of anodic electropolymerization, a 
cascade of radical coupling reactions which leads to dimers, tetramers, octamers, up to 
polymers is well accepted. In more detail, radical cations are first formed by oxidation of the 
monomer at the electrode followed by dimerization and proton elimination from the charged 









 as building blocks. An extensive amount 
of literature is available regarding synthesis and characterization of mainly linear (1D) CPs 
made from bifunctional monomers with potential applications in, among others, 












similar synthetic principles are now applied for the electrochemical, oxidative polymerization 
of multifunctional carbazole- and thiophene-based monomers leading to the formation of thin 
films of microporous polymer networks. 
 
1.2. Films of Carbazole-Based Microporous Polymer Networks 
Electrochemical polymerization of suitable monomers is usually carried out in a three-
electrode cell connected to a potentiostat/galvanostat (electrochemical workstation) that 
allows control over the potential and current applied to the system. This type of cells involves 
a counter electrode, a reference electrode, and a working electrode (WE) where oxidation of 
the monomer and film deposition takes place. Noble metals like gold and platinum as well as 
other conductor or semiconductor materials e.g. glassy carbon and indium tin oxide (ITO) are 
utilized as WE. Moreover, the cell should contain at least one supporting electrolyte (e.g. 
tetrabutylammonium salts) in a proper solvent or solvent mixture (acetonitrile, dichlorometha-
ne, chloroform) and, of course, the monomer of low oxidation potential (e.g. carbazole- or 
thiophene-based building blocks). Electrochemical oxidative polymerization of carbazole was 
initially describe by Ambrose and Nelson in 1968.
61
 By applying oxidative potential, cation 
radicals are generated that undergo coupling to 3,3’-carbazole. The dimers can experience fur-
ther reactions, e.g. 6,6’-couplings, into extended oligomers.62 Scheme 1 shows the chemical 
structures of carbazole-based, multifunctional monomers that are discussed in this section.   
 
 
Scheme 1. Chemical structures of discussed multifunctional carbazole-based monomers. 
 Introduction  
3 
 
Microporous polymer networks (P1) were prepared by Y. Ma and co-workers in the 
potentiodynamic electropolymerization of monomer 1 in acetonitrile/dichloromethane (2:3) 
solution.
63
 Figure 1a shows cyclic voltammograms of the electropolymerization of 1. The 
progressively increasing current after each additional cycle reflects the growth of the film on 
the electrode. Under the applied conditions, a well-defined microporous polymer film was 
achieved that contained only dimeric carbazole bridges (see Figure 1c). A proof of the 
microporosity of the material was provided by HR-TEM of P1 film, with pore diameters 
lower than 1 nm (see Figure 1b). P1 films showed smooth morphology with a root-mean-
square roughness (RMS) of 1.6 nm. The surface roughness is a critical issue for applying 
these materials in organic electronics (e.g. in organic light emitting diodes (OLEDs), organic 
solar cells (OSCs), organic field effect transistors (OFETs), or supercapacitors). P1-based mi- 
 
 
Figure 1. Cyclic voltammograms of electropolymerization of monomer 1 at ITO electrodes 
by switching the potential between 0 and 0.93 V (0.1 M TBAPF6 in 
acetonitrile/dichloromethane (2:3), scan rate of 0.05 Vs
–1
) (a), HR-TEM image of an 
electrogenerated P1 film (b), and schematic structure of the microporous P1 film (c). Adapted 
with permission.
63
 2013, WILEY-VCH Verlag. 
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croporous films of different doping level were used as anode interlayer of OLEDs and OSCs 
in the configuration ITO/PEDOT:PSS (30 nm)/P1 (10 nm)/P-PPV (75 nm)/CsF (1.3 nm)/Al 
(100 nm), and ITO/PEDOT:PSS (30 nm)/P1 (10 nm)/PCDTBT:PC71BM (90 nm)/LiF (0.5 
nm)/Al (100 nm), respectively (see Figure 2). The OLEDs containing the doped P1 interlayers 
showed a maximum luminous efficiency of 20.7 cd A
–1
, 37 % higher if compared to OLEDs 
without anode interlayer. Moreover, optimized OSCs resulted in power-conversion efficiency 
(PCE) of 7.56 % (VOC of 0.93 V, JSC of 12.44 mAcm
2
 and FF of 65.7 %) with a strong PCE 
increase if compared to cells without anode interlayer (PCE of 5.68 %, VOC of 0.91 V, JSC of 
10.61 mAcm
2
, FF of 58.8 %). These results were explained by an improved electric contact 
between active layer and microporous polymer film due to their intrinsic high porosity by 
minimizing the contact resistance, and enhancing the hole-collection capability. 
 
Further optimization of active and cathode interlayers in OSCs with microporous P1 films as 
hole extracting interlayer led to PCE values of 8.42 %.
64
 Figure 3a shows the architecture 
utilized in these OSCs: ITO/PEDOT:PSS (30 nm)/P1 (10 nm)/PTB7:PC71BM (100 nm)/LiF 
or PFN (0.5 nm)/Al (100 nm). The J-V curves display almost similar VOC values (about 0.75 
V) and FF (> 60 %) for the OSCs with or without, doped or undoped microporous P1 films 
(see Figure 3b). However, a distinctly increased JSC value (16.76 mA cm
2
) was obtained for 
OSCs with moderately doped P1 films as anode interlayer. The effect was related to an 
increased anode work function and electrical conductivity if compared to undoped P1-based 




Figure 2. Device structures of OSCs and OLEDs with microporous P1 films as anode 
interlayers. Adapted with permission.
63
 2013, WILEY-VCH Verlag. 
 
 




Figure 3. Device structure (a), and current density vs. voltage (J-V) curves  under 1000 Wm
–2
 
AM 1.5G illumination for OSCs with and without microporous P1 films as anode interlayers 
(b). Adapted with permission.
64
 2014, WILEY-VCH Verlag. 
 
Jiang and co-workers for the first time reported krypton gas sorption measurements of free-
standing MPN films made from monomer 2 (P2).
65
 Nitrogen gas sorption measurements 
followed by data analysis using the Brunauer-Emmett-Teller (BET) equation is a standard 
technique for estimating the specific surface area of porous materials.
66
 In the case of 
electropolymerized MPN films, only small amounts of material (in the milligram range) can 
be collected. This fact requires the use of gas with low saturation pressure (e.g. Kr, only 2.5 
torr compared to 760 torr for N2 gas). For the measurement, thick films (about 1 m) were 
peeled off from ITO electrodes after potentiostatic polymerization in diluted acetonitrile/water 




 was calculated for the 
deposits as a direct proof of the high microporosity of the films. Additionally, thin films of P2 
were used in photoluminescence-based chemo- and biosensing experiments with various 
analytes. Figure 4a and 4b depicts the photoluminescence quenching and enhancement effect 
when P2 films are exposed to vapors of electron-poor and electron-rich analytes, respectively. 
The degree of photoluminescence quenching was related to the amount of photoinduced 
electron transfer from MPN film to the electron-poor analyte. Higher detection sensitivity was 
observed for analytes with lower LUMO energy levels. Moreover, PL quenching based on the  
 




Figure 4. Photoluminescence quenching of P2 films upon exposure to benzonitrile (black 
line), 1,2-dinitrobenzene (red line), hexafluorobenzene (blue line) and 1,4-benzoquinone 
(green line, inset: PL quenching images) (a), photoluminescence enhancement of P2 films 
upon exposure to toluene (black line), benzene (blue line) and chlorobenzene (red line, inset: 
PL enhancement images) (b), and degree of photoluminescence quenching of P2 films upon 
treatment with 10
–4
 M aqueous solutions of various metal ions for 1 min (c). Adapted with 
permission.
65
 2014, WILEY-VCH Verlag. 
 
oxidation of P2 films were used for sensing of species with a standard reduction potential 






, HClO and dopamine 
(see Figure 4c). For example, a remarkable PL quenching of 50 % was measured after 




 solution for 20 s. The initial photoluminescence of the 
films were easily recovered by treatment with a NaBH4 solution. 
 
The use of microporous polymer films in electrochemical supercapacitors has been also 
explored by Ma and co-workers.
67
 MPN films were produced by potentiodynamic 
electrochemical oxidative polymerization of a tetracarbazole monomer with a zinc-porphyrin 
core unit (3) in dichloromethane solution. Cyclic voltammograms of deposits of P3 in 
monomer-free solution exhibited a reversible redox behavior for a 38 nm-thick film (see 
Figure 5a). The peak current showed a linear relation with the scan rate, thus indicating the o- 




Figure 5. Cyclic voltammograms of P3-films in monomer-free solution at different scan rates 
(a), relationship between peak currents and scan rates (b), galvanostatic charge/discharge plots 
at different current densities (c), and capacitance values for different current densities (d). 
Reproduced with permission.
67
 2015, WILEY-VCH Verlag. 
 
ccurrence of surface-limited redox reactions (see Figure 5b). A maximum capacitance of 142 
F g
1
 was obtained in galvanostatic charge-discharge tests by applying a current density of 5 
A g
1
 (see Figure 5c and 5d). These findings were explained by the highly crosslinked and 
rigid nature of the MPN films thus suppressing volume changes during charging and 
discharging, and a smooth charge carrier and ion transport between porous film and 
electrolyte due to an increased number of accessible, electronically active surface sites. 
 
Microporous polymer films (P4) based on monomer 4 have been used as light-harvesting 
antennae for exciton pumping by Jiang and co-workers.
68
 The thin films of P4 were 
synthesized on ITO by potentiodynamic electrochemical polymerization in dichloromethane 
solution. Dedoped films of P4 excited at 350 nm emit brilliant blue light with the 
photoluminescence (PL) band peaking at 434 nm and a PL quantum yield of 19 % (see Figure 
6a). Green coumarin 6 (C6) and Nile red (NR) dyes (see Figure 6b and 6d for PL excitation 
and emission spectra) were soaked into the micropores of P4 films by immersion with dye 
solutions. Intrinsic microporosity and high surface area of the films lead to a maximum dye/ 




Figure 6. Normalized PL excitation (dotted curves) and emission (solid curves) spectra of P4 
films (a), coumarin 6 in DCM (b), P4/C6 films (3.19 mol% C6) (c), Nile red in DCM (d), and 
P4/C6-NR films (3.19 mol% C6 and 5.41 mol% NR) (e). Photos of dye-infiltrated MPN films 
showing blue, green, red, and white photoluminescence under UV excitation (g), and 
Luminescence engineering of thirty dye-infiltrated P4 films with the corresponding 
Commission Internationale de L’eclairage (CIE) coordinates (h). Adapted with permission.68 
2015, Nature Publishing Group. 
 
MPN interfacial area and enable efficient photon harvesting and excitation energy channeling 
from the P4 films to the dye molecules. Due to the good overlap of emission band of P4 with 
the respective absorption bands of C6 and NR, an efficient singlet excitation energy transfer is 
allowed from P4 to C6 (see Figure 6c), and from P4/C6 to NR (see Figure 6e). Hereby, 
different emission colours were adjusted by tuning the relative concentrations of C6 and NR 
within the microporous films. Following this line, thirty different emission colours including 
blue, green, red and white have been realized (see Figure 6f and 6g).    
 
Microporous thin films of P5, made from monomer 5 by Jiang and co-workers, were applied 
for detection of explosives by PL quenching.
69
 For this, thin microporous polymer films were 
synthesized containing aggregation-induced emission (AIE)-active tetraphenylethylene 
building blocks by potentiodynamic electrochemical polymerization in 
acetonitrile/dichloromethane (1:4). The P5 films emit green light with the PL band peaking at 
524 nm (upon excitation at 331 nm). The PL quantum yield for the monomer 5 in solution or 




Figure 7. Fluorescence quantum yields of monomer 5 in THF solution or as spin-coated film, 
and of electrogenerated microporous P5 films of different thicknesses (a), degree of PL 
quenching of P5 films upon after interaction with various electron-poor nitroarenes in 
acetonitrile (b), spectral PL changes of a P5 film (thickness of 5 nm) upon immersion in TNP 
solutions in acetonitrile (1 min) (c), and reversibility of the TNP sensing approach (P5 films, 
thickness 10 nm) (d). Adapted with permission.
69
 2015, WILEY-VCH Verlag. 
 
as spin-coated film were estimated to 5 % and 21 %, respectively, thus reflecting the 
occurrence of the AIE effect.
70
 An almost double quantum yield of ca. 40 % was found for 
cross-linked films of P5 independent of their thickness of 5 nm – 100 nm (see Figure 7a). 
Films of P5 were contacted with solutions of different nitroaromatic compounds resulting in a 
significant PL quenching response for 2,4,6-trinitrophenol (TNP). The high response to TNP 
was related to the fit of the LUMO energy levels between TNP and P5 with photoinduced 
electron transfer as driving force for the observed PL quenching (see Figure 7b). The 
optimum sensitivity towards TNP was observed for very thin P5 films with thickness of 5 nm 
(see Figure 7c; for the reversibility of the effect see Figure 7d) with 82 % PL quenching for 
contacting the P10 film for 1 min with a 50 ppm TNP solution. 
 
1.3. Films of Thiophene-Based Microporous Polymer Networks 
The electrochemical oxidative polymerization of electron-rich heteroaromatic compounds 
(e.g. pyrroles, thiophenes) follows a mechanism similar to that described for carbazole-based 
monomers.
44
 After oxidation of the monomer at the anode, the formed cation radicals 
dimerize at the most reactive positions, and, by consecutive proton elimination, the 
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aromaticity is restored. The potential required for the oxidation of the monomer is always 
higher than that needed for oxidation of the oligomeric intermediates (e.g. dimers, tetramers, 
etc) thus resulting in a simultaneous condensation towards polymeric species. Deposition of 
the polymer at the working electrode is mainly driven by a reduced solubility of the 
condensation products.  
 
Recently, Ludwigs and co-workers reviewed synthesis and applications of materials 
containing the twisted ,-terthiophene motif including the electrogeneration of microporous 
polymer films.
71
 As another example, Thomas and co-workers produced dithienothiophene-







electrogenerated MPN films on ITO showed interesting electrochromic properties. In an 
approach reported by Roncali and co-workers,
73,74
 and Thomas and co-workers,
7
 the 
electrochemical polymerization of multifunctional dithiafulvene-based monomers or the 
chemical polymerization of tetrathiafulvalene with 1,3,5-triethynylbenzene, respectively, 




 for the 
chemically synthesized material. 
 
Scheme 2 depicts the chemical structures of the monomers discussed in this section. In 1995 
Roncali and co-workers published a preliminary note dealing with the electrochemical, 
oxidative cross-linking of tetra(terthienyl)silane tectons (6).
32
 Electrodeposition of the corres-
ponding radical cation was carried out by applying the lowest possible oxidation potential of 
0.80 V in saturated dichloromethane solution. The absorption spectrum of the resulting 
electrode deposit shows a long wavelength absorption band centered at 380 nm only slightly 
red shifted if compared to that of 6 in DCM (373 nm). After successive cycling up to higher 
potential of 1.4 V, a red shifted absorption peak centered at 460 nm was observed, related to 
the formation of covalently bond, hexathiophene-bridged polymer networks (see Figure 8).  
 
 
Scheme 2. Chemical structures of discussed multifunctional thiophene-based monomers. 




Figure 8. Absorption spectra of electrodeposit of monomeric 6 on ITO (dotted line) and of 
the relating MPN film (P6) after several cycles in a potential range of 0 V – 1.4 V (solid line). 
Reproduced with permission.
32 
1995, Elsevier B.V.  
 
Reynolds and co-workers reported the electrochemical polymerization of the spiro-type 
monomer 7.
75
 Synthesis of P7 films was performed by potentiodynamic electropolymerization 
in acetonitrile/toluene (4:1). The resulting films were insoluble in common organic solvents 
thus indicating the formation of highly cross-linked materials. Depending on the potential 
applied the electrochromic P7 films adopt different colours, from red in the neutral to blue in 
the oxidized state (see Figure 9).  
 
Another comparative study on the electropolymerization of multifunctional thiophene-based 
monomers with quaterthiophene or spirobifluorene cores (8 and 9) was published by Roncali  
 
 
Figure 9. Relative luminance versus applied potential for P7 films. Photographs show the red 
neutral state, a blue-gray intermediate state, and a dark-blue oxidized state (for a P7 film 
deposited up to an accumulated charge density of 50 mC cm
–2
 on an ITO electrode). Adapted 
with permission.
75 
2002, WILEY-VCH Verlag. 
 





 Excitation and fluorescence emission spectra of monomer 9 and a related 
quaterthiophene-cored monomer are depicted in Figure 10a. A much higher Stokes shift was 
observed for the quaterthiophene-based monomer if compared to the orthogonally arranged 
spirobifluorene-based monomer thus reflecting the more rigid structure with only minor 
geometrical changes between ground and singlet excited state for monomer 9. The different 
rigidity of both monomers also influence the morphology of the corresponding, 
electrogenerated polymer networks (see Figure 10b). Scanning electron microscopy images of 
P8 or P9 films on ITO display a quite compact and homogeneous structure, while 
electrogenerated films based on the quaterthiophene monomer show a cauliflower-type, rough 
and inhomogeneous morphology. AFM images show similar results with a low RMS 
roughness of ca. 1 nm – 4 nm for P8 and P9 films.  
 
Microporous polymer films electrosynthesized from monomers 10 and 11 have been utilized 
as component of the active layer stacks of bulk-heterojunction-type organic solar cells by 
Jiang and co-workers.
77
 Thin films of P10 (BTT-CMP) and P11 (TTB-CMP) on ITO were 
obtained by potentiodynamic electrochemical polymerization from solutions of the 
corresponding monomers in propylene carbonate (see Figure 11a). The resulting microporous 




 and electrochemical bandgaps of ca. 2 eV (see 
Figure11b). The active layer of photovoltaic devices were fabricated by infiltrating P10 and 
P11 films with PC60BM, simply by soaking a solution of the fullerene derivative into the mi- 
 
 
Figure 10. Normalized PL excitation (dotted line) and emission (solid line) spectra of the 
rigid monomer 9 (bottom) and a semirigid quaterthiophene-cored monomer in DCM (a), and 
SEM and AFM images of electrogenerated films on ITO (generated under potentiostatic 
conditions: top: P8, middle: P9, bottom: polymer film made from the quaterthiophene-cored 
monomer (b). Adapted with permission.
76
 2014, WILEY-VCH Verlag. 
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cropores of the films thus producing a homogeneously distributed bulk p-n heterojunction 
morphology. The resulting configuration of the OSCs devices was ITO/PEDOT:PSS/P10 or 
P11:PC60BM/LiF/Al (see Figure 11c). Optimized P10- and P11-OSCs displayed remarkably 
high power-conversion efficiencies of 5.02 % (VOC of 0.73 V, JSC of 10.05 mAcm
2
, FF of 
68.2 %) and 2.55 % (VOC of 0.86 V, JSC of 4.91 mAcm
2
, FF of 60.5 %), respectively (see 
Figure 11d). The higher JSC for the P10-based OSC was assigned to a higher hole mobility of 
P10 film. On the other hand, the higher VOC for the P11-based OSC was attributed to the 
lower lying HOMO energy level of P11. 
 
 
Figure 11. Idealized chemical structures of the pores in P10 and P11 (inset: photographs of 
the films) (a), HOMO-LUMO energy levels of P10 and P11 films, and of PC60BM (b), OSC 
device configuration with P10:PC60BM or P11:PC60BM as active layers (c), and J-V curves 
for OSCs with P10:PC60BM (red curve) or P11:PC60BM (blue line) as active layers (d). 
Adapted with permission.
77
 2015, WILEY-VCH Verlag. 
 
1.4. Motivation and Objectives 
Electrochemical oxidative polymerization has become a powerful technique to generate thin 
films of microporous polymer networks (MPNs) with potential applications in the organic 
electronics field. However, issues as the influence of the chemical structure of the monomers 
(e.g. type of core, number and size of the linkers) on the properties of the corresponding MPN 
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films still need to be addressed. The major objectives of this thesis as included in the 
following chapters are: 
 
 Electrogeneration of MPN films from di-, tri- and tetracarbazole-based monomers and 
their use for electrochemical and chemical detection of nitroaromatic analytes. 
 Synthesis of MPN films based on tetra- and octacarbazolyl-substituted 
tetraphenylmethane or –silane tectons and their application for the high sensitivity 
electrochemical detection of nitroaromatic compounds. 
 Electrodeposition of MPN films from tetrafunctional 2-thienyl- or 3-thienyl-
substituted monomers. 
 Design of AIE-active, tetraphenylethene-cored, tetra- and octacarbazole- or thiophene-
substituted monomers for the electrogeneration of fluorescent MPN films. 
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Thin films of microporous polymer networks (MPN) were generated by electrochemical 
polymerization of a series of multifunctional carbazole-based monomers. The microporous 




 as directly 
measured by krypton sorption experiments. A correlation between the number of 
polymerizable carbazole units of the monomer and the resulting surface area is observed. 
Electrochemical sensing experiments with 1,3,5-trinitrobenzene as prototypical nitroaromatic 
analyte demonstrate an up to 180 times increased current response of MPN-modified glassy 
carbon electrodes in relation to the nonmodified electrode. The phenomenon probably 
involves intermolecular interactions between the electron-poor nitroaromatic analytes and 
the electron-rich, high surface area microporous deposits, with the electrochemical reduction 
at the MPN-modified electrodes being an adsorption-controlled process for low scan rates. 
Finally, thin films of poly-2,2’,7,7’-tetra(carbazol-9-yl)-9,9’-spirobifluorene were used for the 
gas-phase detection of 2,4,6-trinitrotoluene (TNT) with high sensitivity (up to 5 ppb).   
2.1. Introduction 







 organic electronic devices,
10,11
 and  solid state 
sensors.
12
 For the latter two applications, the availability of high quality films is required.
13
 
The chemical methods, which are commonly used for MPN generation, usually produce 
powdery and practically intractable samples.
14,15
 The possibility of an electrochemical 
generation of carbazole-based MPN films has been recently demonstrated.
16,17
 The resulting 
electrochemically generated MPN films have been used as electrode interlayers of organic 
electronics devices such as organic light emitting diodes and organic solar cells or as 
electrode material of supercapacitors.
18
 A direct proof for the microporosity and high surface 
area of such films has been first presented in a recent publication by Jiang and co-workers
19
 in 
krypton gas sorption measurements followed by data analysis based on the Brunauer-Emmett-
Teller (BET) equation. On the other hand, films of carbazole-based polymers have been used 





 The latter principle is based on the quantification of the cathodic 
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current which is produced during reduction of the nitroaromatic analytes. Zhang and co-
workers used films of electropolymerized, carbazole-based monomers for the electrochemical 
detection of NACs. However, their monomers contain flexible alkylene linkers and should not 
form microporous networks. Therefore, the novelty of this approach is to combine permanent 
microporosity of electrochemically deposited films with the electrochemical detection of 
nitroaromatic analytes. 
 
In this chapter, MPN films were electrochemically generated starting from a series of 
multifunctional carbazole-based monomers. Direct porosity measurements of the resulting 
films were calculated by the krypton sorption method. The extracted BET surface area data 
are compared to the SBET values of corresponding, chemically synthesized bulk MPNs which 
were obtained as powders. Increased functionality of the multifunctional carbazole-based 
monomers causes increased BET surface areas, most probably due to an increased rigidity of 
the networks. Moreover, glassy carbon (GC) electrodes modified with MPN films have been 
used for the electrochemical sensing of the prototypical nitroaromatic analyte 1,3,5-
trinitrobenzene (TNB). Here, a correlation between surface area of the MPN films and the 
cathodic current response to TNB is observed. The results demonstrate that modification of 
GC electrodes with microporous polymer coatings can boost the sensitivity to NAC by more 
than 2 orders of magnitude most probably driven by intermolecular electronic interactions 
between the electron-poor nitroaromatic analytes and the electron-rich MPN surface. The 
process is characterized as an adsorption-controlled phenomenon involving an adsorbate layer 
of the NAC for low scan rates. With increasing scan rate the process becomes diffusion-
controlled, since the transport of the analyte molecules is now the limiting process. Finally, 
the gas-phase detection of nitroaromatic analytes was also explored by using thin MPN films 
on ITO. The devices show high sensitivity up to ppb concentrations for 2,4,6-trinitrotolunene 
(TNT) as analyte.   
 
2.2. Results and Discussions 
2.2.1.  Synthesis of the Series of Monomers 
The six carbazole-based monomers were purchased from commercial suppliers or synthesized 
by us (see Experimental Section for details). Monomers with two, three, and four carbazole 
substituents have been used: 4,4'-di(carbazol-9-yl)-1,1'-biphenyl (CBP), 4,7-di[4-(carbazol-9-
yl)phenyl]benzo[c]-[1,2,5]thiadiazole (CBPBT), tri[4-(carbazol-9-yl)phenyl]amine (TCTA),  
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Scheme 1. Chemical structures of the investigated carbazole-based monomers. 
1,3,5-tri(carbazol-9-yl)benzene (TCB), 2,2’,7,7’-tetra(carbazol-9-yl)-9,9’-spirobifluorene 
(SpCz) and tetra[4-(carbazol-9-yl)phenyl]methane (TPTCz)  (Scheme 1). 
 








 based monomers has 
been extensively studied due to the interesting properties of the resulting conducting polymer 
(CP) films, e.g. their electrochromic behavior.
27-29
 Electrochemical oxidative coupling of 
carbazole was first described by Ambrose and Nelson.
30
 Applying oxidative potentials, cation 
radicals are initially generated. Their dimerization and deprotonation lead to the formation of 
3,3'-carbazole dimers. The initially formed dimers can undergo further oxidative coupling 
reactions. Until now the majority of research into CPs has been focused on the synthesis of 
linear polymers. However, three-dimensional networks have been also proposed as attractive 
targets for applications in organic electronics devices and sensors.
31
 For obtaining carbazole-
based networks with permanent microporosity, the use of monomers (tectons) with multiple 
carbazole functions that are arranged around a rigid core unit should be favored.  
 
After initial characterization of the electrochemical behavior of the monomers by cyclic 
voltammetry, polymer formation was carried out by potentiodynamic electrochemical 
polymerization of 0.5 mM solution of the monomers in acetonitrile/dichloromethane (1:4) by 
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electrode cell was used with a platinum disc electrode (1 mm diameter) as working electrode 
(WE), a platinum wire as counter electrode (CE) and Ag°/AgNO3 (0.1 M AgNO3, 0.60 V vs 
NHE) as reference electrode (RE). Finally, the deposited polymer films have been again 
characterized by cyclic voltammetry. Figure 1 depicts the first oxidation scan for all six 
monomers. CBPBT, CBP and SpCz show a first monomer oxidation peak around 0.97 V. The 
peak current ratio of ca. 2.1 between the tetra-substituted SpCz and the di-substituted CBP 
reflects the doubled amount of oxidizable carbazole moieties of SpCz with respect to CBP. A 
similar ratio is observed for the TPTCz/CBP couple. The low peak current for CBPBT is most 
probably caused by the low solubility of this monomer; a concentration of 0.5 mM could not 
be reached in the solvent mixture. For the triphenylamine-cored monomer TCTA, two 
oxidation peaks at lower potential (0.62 V and 0.77 V) are observed during the first 
cyclovoltammetric scan. This is probably due to the formation of cation radicals and dications 
of the 1,4-N-substituted phenylene units.
32
 The observed shoulder at 1.05 V should 
correspond to the “regular” carbazole dimerization that is observed for the other five 
monomers within the potential range of 0.93 V – 1.05 V. Therefore, during subsequent 
cycling, more complicated voltammograms are observed for TCTA monomer if compared to 
the well-defined voltammograms that are recorded for the other monomers (see Figure 2). For 
the other five monomers, starting from the second cycle, a couple of reversible 
oxidation/reduction peaks is formed in the potential range of 0.5 V – 1.0 V reflecting two 
electron transfer steps during charging/discharging. Repeated sweeps lead to a progressively 
increasing peak current, thus reflecting the gradual growth of the MPN films on the electrode  
 
 
Figure 1. First anodic scan voltammograms for 0.5 mM solutions of the monomers and 0.1 M 
tetrabutylammonium perchlorate in acetonitrile/dichloromethane (1:4) at a Pt disc electrode. 
The voltammograms were recorded from 0 V to 1.2 V with a scan rate of 0.10 Vs
−1
. 
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Figure 2. Three successive cyclic voltammograms at Pt disc electrodes for 0.5 mM solutions 
of the monomers: CBP (a), CBPBT (b), TCTA (c), TCB (d), SpCz (e), and TPTCz (f) and 0.1 
M TBAP in acetonitrile/dichloromethane (1:4). Cyclic voltammograms were recorded from 0 




(see Figure 3a for TPTCz). The thickness of the MPN films can be precisely controlled by the 
cycle number. Cyclic voltammograms for PTPTCz deposit on Pt, in monomer-free solution at 
different scan rates between 0.005 and 0.20 Vs
−1
 are depicted in Figure 3b. The observed 
linear relationship between peak current and scan rate is characteristic for the formation of an 




   
Figure 3. Twenty consecutive cyclic voltammograms at Pt disc electrodes for 0.5 mM TPTCz 
in acetonitrile/dichloromethane (1:4) mixtures and 0.1 M TBAP as supporting electrolyte 
potential range: 0 V – 1.2 V, scan rate: 0.10 Vs−1 (a). Cyclic voltammograms for an as-
prepared PTPTCz film on Pt, in monomer-free acetonitrile solution containing 0.1 M TBAP 
at scan rates of 0.005 Vs
−1
 – 0.20 Vs−1 (b). The inset shows the linear dependence of peak 
current and scan rate.  
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2.2.3.  Porosity Characterization of Bulk Polymers and MPN Films 
Nitrogen gas sorption measurements followed by data analysis using the BET equation belong 
to the standard techniques for estimating the specific surface area of microporous 
materials.
33,34
 However, this method is not applicable for the precise characterization of 
materials with very low surface areas or for very small amounts of microporous materials. A 
way to overcome this problem is to use krypton gas which has a low saturation pressure of 2.5 




For Kr sorption measurements, prolonged potentiostatic electrochemical polymerization of 
the monomers on ITO allows for the generation of free-standing (TCB, SpCz and TPTCz) or 
easily removable (CBP, CBPBT and TCTA) films due to a reduced adhesion between the ITO 
electrode and thicker deposits. The MPN films were discharged (dedoped) by applying a 
potential of 0 V, rinsed with acetonitrile and dichloromethane, removed from the electrode 
and dried. The film generation was repeated until collection of ca. 2 mg of material. For 
comparison, all monomers were also chemically coupled into bulk MPN powders by 
oxidative polymerization with iron(III) chloride. The resulting insoluble powders were 
purified by washing with aqueous concentrated hydrochloric acid, methanol, THF, ethanol 
and supercritical CO2, and dried. In the gas sorption measurements, the isotherms show a fast 
N2 uptake at low relative pressure (0 – 0.1), a behavior that is characteristic of permanently 
microporous materials. The isotherms also display a combination of type I and II behavior 
(Figure 4).
33
 All SBET values are listed in Table 1. The surface area values of films and bulk 
samples using Kr or N2 gas, respectively, show similar trends within the P/P0 range of 0 – 0.6 
(Figure 5). Similar SBET values are observed especially for the two tetra-substituted 
monomers. Very interestingly, a direct relationship between the number of carbazole units of 
the monomer and the BET surface area of the films is observed. This can be explained by an 
increased rigidity of the MPNs with increasing cross-linking density, thus leading to an 
increased permanent microporosity. An unexpectedly low SBET value is observed only for 
PTCTA. The electrochemical polymerization of monomer TCTA seems problematic due to 
the presence of the easily oxidizable1,4-N-substituted phenylene units (see Figure 1) thus 
causing side reactions and a drastically reduced microporosity of PTCTA. The products made 
from the bi- and trifunctional monomers CBP, CBPBT and TCB all show SBET values of thin 
films that are ca. 50% of the values of the corresponding chemically (FeCl3) synthesized bulk  




Figure 4. Nitrogen gas sorption isotherms of the chemically synthesized (oxidative coupling 
with FeCl3) bulk polymers. 
 
polymers, most probably caused by a reduced cross-linking density during 
electropolymerization with a preference for the formation of carbazole dimers. Please note 
that the formation of insoluble MPN films already for the bifunctional monomers CBP and 
CBPBT shows that dimerization is not the only electrochemical process, a certain amount of 
further couplings of the initially formed dimers occurs. Chemical polymerization with FeCl3 
may lead to higher crosslinking densities. For the tetrafunctional monomers SpCz and TPTCz 
the crosslinking density that is obtained by electropolymerization seems high enough to create 
highly microporous films with BET surface areas in the range of those of the bulk materials, 
simply as a result of the high functionality of the monomers.  
  
Table 1. Calculated BET surface areas of electropolymerized films and chemically 
synthesized bulk MPNs, using Kr or N2 gas, respectively. All SBET film measurements were 
carried out at least twice. 
Polymer 
Number of carbazole 













PCBP 2 104 225 
PCBPBT 2 159 324 
PTCTA 3 236 1065 
PTCB 3 748 1647 
PSpCz 4 1297 1249 



























 Chapter 2  
26 
 
2.2.4. Electrochemical Reduction of 1,3,5-Trinitrobenzene at MPN-Modified Glassy 
Carbon Electrodes 
Different meso- and macroporous materials have been used in modified electrodes for the 
electrochemical detection of nitroaromatic compounds
35-37
 driven by the high surface areas of 
the porous materials as well as molecular interactions between the modified electrodes and the 
nitroaromatic analytes. To the best of our knowledge, until now MPN films have not been 
tested in the electrochemical detection of nitroaromatic analytes. Electrochemical studies on 
the reduction of nitroaromatic compounds in aqueous medium at pH < 9.6 documented the 
successive formation of nitroso and hydroxylamine functions.
38
 Four electrons are transferred 
in the reduction of a nitro to a hydroxylamine group visible as a single reduction wave. 
 
In these experiments, potentiostatic electrochemical polymerization of the carbazole-based 
monomers on glassy carbon (GC) electrodes was carried out as first step. The MPN films 
were produced by applying a potential of 1.1 V until an oxidative charge density of 25.5 mC 
cm
2
 was accumulated followed by electrochemically discharging (dedoping) at 0 V for 60 s. 
So, MPN films with a comparable amount of electroactive groups are deposited on the GC 
electrodes for all monomers. Figure 6 shows tapping mode AFM images of films deposited on 
ITO using same conditions as for deposits in GC electrodes. MPN films show a similar 
granular morphology (a so-called cauliflower morphology) with comparable average surface 
roughness (118 nm to 193 nm) and thickness (748 nm to 870 nm, obtained with a 
profilometer), except for the thinner PTCB film (111 nm) which shows delamination from the 
ITO electrodes already for the thin film (see Table 2). Thin films show a rather smooth sur- 
 
  
Figure 5. Adsorption isotherms of electropolymerized MPN films (a) and the corresponding 
bulk polymers made by oxidative coupling with FeCl3 (b), using Kr or N2 gas, respectively. 























































   
Figure 6. Tapping mode AFM images of MPN films on ITO of PCBP (a), PCBPBT (b), 
PTCTA (c), PTCB (d), PSpCz (e) and PTPTCz (f).  
 
face (see the average roughness of only 5 nm for the 111 nm PTCB film). MPN-modified GC 
were introduced as working electrodes into a three-electrode cell with Ag°/AgCl(sat.) (NaCl 3 
M, 0.21 V vs NHE) as aqueous reference electrode, then used for sensing 1,3,5-
trinitrobenzene (TNB) as a prototypical nitroaromatic analyte in aqueous solution containing 
0.2 M KCl and 0.1 M PBS (pH 7.4).  
 
Linear scan voltammograms (LSVs) of a 0.5 M aqueous TNB solutions at MPN-modified 
and non-modified GC electrodes are shown in Figures 7, after background correction by 
subtraction of the reference voltammogram that was recorded in absence of TNB. Three 
cathodic peaks for the reduction of the three nitro-substituents of TNB are observed in the  
 
Table 2. Average surface roughness (Rq) and thicknesses of MPN films deposited on ITO. 
Polymer Rq (nm) Thickness (nm) 
PCBP 164 806 
PCBPBT 166 859 
PTCTA 193 748 
PTCB
a
 5 111 
PSpCz 118 870 
PTPTCz 184 823 
a 











Figure 7. Linear scan voltammograms (after background correction) of 0.5 µM TNB in 
aqueous 0.2 M KCl and 0.1 M PBS (pH 7.4) solutions at nonmodified (inset) and PTPTCz-
modified GC electrodes (a), and at PCBP-, PCBPBT-, PTCTA-, PTCB-, and SpCz-modified 




voltammograms in the potential range from −0.31 V to −0.81 V. For the nonmodified GC 
electrode, the peaks are observed at −0.31 (I), −0.47 (II) and −0.65 V (III) (see inset of Figure 
7a, similar to reported values
39
). The modified GC electrodes show slight shifts of the 
cathodic potentials dependent on the structure of the monomers used for MPN generation. 
Interestingly, a dramatic enhancement of the current response is observed for the MPN- 
modified GC electrodes; 17 to 182 times higher as the response for the nonmodified electrode 
(see Table 3). The electrochemical response nicely correlates with the BET surface area of the 
MPNs (shown for the intensity of the third cathodic peak in Figure 8a). The observed effect 
may be driven by intermolecular interactions between the high surface of the electron-rich 
 
Table 3. Current response (after background correction) for the three cathodic reduction 
peaks of the three aromatic nitro groups in the electrochemical detection of 0.5 M TNB in 
aqueous 0.2 M KCl and 0.1 M PBS solutions at nonmodified and MPN-modified GC 
electrodes. The current ratios of the third peak between MPN-modified and nonmodified GC 








ip/ip GC (III) 
GC 0.007 0.006 0.004 1 
GC/PCBP 0.040 0.071 0.081 18 
GC/PCBPBT 0.056 0.098 0.078 17 
GC/PTCTA 0.142 0.276 0.238 53 
GC/PTCB 0.331 0.489 0.453 101 
GC/PTPTCz 0.319 0.515 0.816 182 
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Figure 8. Correlation between the current ratios of the third reduction peaks of 0.5 M TNB 
at MPN-modified and nonmodified GC electrodes, and the surface area of the MPN deposits 
(a). Linear scan voltammograms for the electrochemical reduction of 0 M to 3.0 M TNB in 
aqueous 0.2 M KCl and 0.1 M PBS solutions at PTPTCz-modified GC electrodes (b). The 




carbazole-based microporous polymer networks and the electron-poor nitroaromatic analytes 
resulting in a thin adsorbate layer. For mesoporous phorphyrin-based materials the occurrence 
of  interactions with NACs has been postulated.40,41 These results are also consistent with 
such an assumption due to the correlation between surface area of the MPN films and the 
electrochemical response. The best results are obtained for coatings based on the 
tetracarbazolyl-substituted monomers that show the highest specific surface areas. PTPTCz-
modified GC electrodes show a current ratio of 182 between modified and nonmodified GC 
electrodes, thus significantly boosting the sensitivity of the electrodes for electrochemical 
TNB sensing (see Figure 8b). 
 
2.2.5.  Mechanism of Electron Transfer for Electrochemical Reduction of 
Nitroaromatic Analytes at PTPTCz-Modified GC Electrodes 
To extract more information about the mechanism of the process, the electrochemical 
reduction of nitroaromatic analytes at PTPTCz-modified GC electrodes was investigated by 
linear scan voltammetry at different scan rates. First, Figure 9a shows linear scan 
voltammograms for 3 M nitrobenzene (NB) as analyte and scan rates from 0.005 Vs1 to 
0.30 Vs
1
. For low scan rates (< 0.075 Vs
1
) a negatively shifted asymmetrical wave is 
observed, characteristic for the irreversible reduction of adsorbed molecules.
42
 This behavior 
is less pronounced for higher scan rates (> 0.075 Vs
1
). Moreover, there is a linear 
dependence between cathodic peak current and scan rate for low scan rates, as expected for  
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Figure 9. Linear scan voltammograms (a) and cathodic peak current vs scan rate (red line) or  
square root of scan rate (black line) plots (b) for 3.0 M NB in aqueous 0.2 M KCl and 0.1 M 
PBS (pH 7.4) solution at PTPTCz-modified GC electrodes at scan rates of 0.005 Vs
1
 – 0.075 
Vs
1
 (inset: 0.075 Vs
1
 – 0.30 Vs1). 
 
the formation of an adsorbed analyte layer, but a square root dependence for higher scan rates 
(see Figure 9b). These findings can be interpreted as follows: At low scan rates, the 
nitrobenzene molecules form a thin adsorbate layer at the MPN surface, an adsorption-
controlled process is observed. With increasing scan rate the electron-transfer process 
becomes diffusion-controlled, since the transport of the nitrobenzene molecules is now the 
limiting process, the current is now proportional to the square root of the scan rate. Notably, 
similar results are also obtained for 1,3,5-trinitrobenzene (TNB, Figure 10) and 2,4,6-
trinitrophenol (TNP, Figure 11) independent of their very different solubility in water. Linear 
scan voltammograms for 100 µM TNP showed a better resolution of the three peaks that were 
expected in the reduction of its three nitroaromatic groups. For comparison, similar 
experiments for nonmodified GC electrodes show the expected linear relationship between 
peak current and the square root of the scan rate for NB, TNB and TNP in the scan rate range 
from 0.01 Vs
1
 to 0.4 Vs
1
 (see Figure 12). The obtained linearity indicates a diffusion- 
 
   
Figure 10. Linear scan voltammograms (a) and cathodic peak current vs scan rate (b) or  
square root of scan rate (c) plots for 3.0 M TNB in aqueous 0.2 M KCl and 0.1 M PBS (pH 
7.4) solution at PTPTCz-modified GC electrodes with scan rates of 0.01 Vs
1
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Figure 11. Linear scan voltammograms and cathodic peak current vs scan rate (red line) or  
square root of scan rate (black line) plots for 1.5 M (a, b) and 100 M (c, d) TNP in aqueous 
0.2 M KCl and 0.1 M PBS (pH 7.4) solution at PTPTCz-modified GC electrodes with scan 
rates of 0.01 Vs
1
 – 0.40 Vs1.  
 
   
   
Figure 12. Linear scan voltammograms and cathodic peak current vs square root of scan rate 
plots for 100 M NB (a, b), TNB (c, d) and TNP (e, f), respectively, in aqueous 0.2 M KCl 
and 0.1 M PBS (pH 7.4) solution on nonmodified, bare GC electrodes at scan rates from 0.01 
Vs
1
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controlled process. Regardless of the much higher concentration of the analytes (100 M) in 
the experiments with nonmodified GC electrodes (concentrations for PTPTCz-modified GC 
electrodes ≤ 3 M) a higher peak current is observed for the modified electrodes for all 
nitroaromatic analytes.  
 
2.2.6.  Gas-Phase Nitroaromatic Analytes Detection by PSpCz Thin Films2   
Regarding civil and environmental security, the detection of explosives in gas-phase is highly 
desirable.
43
 Fluorescent polymers networks have shown to have potential application as 
luminescent sensor for traces of explosives.
12
 In the previous sections, a direct correlation 
between the surface area of various MPN films and the current response to the 
electrochemical reduction of nitroaromatic analytes in aqueous systems was demonstrated 
using MPN-modified GC electrodes. Now, spirobifluorene-cored MPN films (PSpCz) are also 
used in the gas-phase detection of nitroaromatic explosives due to their inherent fluorescence 




). Figure 13 shows 10 successive voltammetric cycles 
for the electrochemical polymerization of 0.5 mM SpCz in acetonitrile/dichloromethane (1:4) 
at ITO electrodes. PSpCz thin films with thickness of ca. 50 nm resulted by scanning in a 
potential range of 0 V – 0.98 V with a scan rate of 0.10 Vs−1. The so-called nucleation loop 
with a crossing effect between the first anodic scan and the reverse sweep is observed during 
the first cycle. This phenomenon is usually related to a nucleation process of the polymer at 
the clean electrode.
27
 Tapping mode AFM image shows a rather smooth morphology with Rq 
of 14 nm (see inset Figure 13). 
 
 
Figure 13. Ten successive cyclic voltammograms at ITO electrode for 0.5 mM SpCz in 
acetonitrile/dichloromethane (1:4) mixture and 0.1 M TBAP as supporting electrolyte, 
potential range: 0 V – 0.98 V, scan rate: 0.10 Vs−1. The inset shows tapping mode AFM 
image of the MPN film. 
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Figure 14. Setup for the characterization of the PL sensing upon controlled exposure 
concentrations of various analytes (a). PL spectra of the thermally evaporated SpCz film and 
the resulting electrogenerated MPN film (b). PL spectra of pristine PSpCz film and after 
exposure to 100 ppm NB for 150 s (c). Logarithmic quenching efficiency after exposure to 
100 ppm of various analytes for 150 s (d). Integrated PL intensity (455 nm – 480 nm) for 
SpCz film (black dots) and PSpCz film (blue dots) to different levels of TNT (e). Quenching 




Figure 14a depicts the setup used for a controlled exposition of various analytes to the PSpCz 
thin films. The analytes are placed in a separate chamber (analyte chamber) that is connected 
via a needle valve to a second chamber containing the PSpCz films on ITO (sample chamber). 
Either chamber can be separately heated. For comparison, thin films of SpCz monomer 
(thickness of also ca. 50 nm) were prepared by thermal evaporation. As expected, low BET 




 was determined for nonporous monomer (SpCz) films. 
Photoluminescence (PL) spectra upon excitation at 355 nm for both type of films are shown 
in Figure 14b. A red-shifted PL peak centered at 472 nm is obtained for the PSpCz film if 
compared to the PL peak centered at 407 nm for the SpCz film. Figure 14c shows the PL 
quenching of PSpCz upon exposure to 100 ppm of NB for 150 s. PL intensity quenching of 
ca. 60 % is observed. The so-called quenching efficiency of the PSpCz films upon exposure to 
different analytes (e.g. acetone, ethanol, toluene, benzene, NB, and 2,4-dinitrotolune – DNT) 
is shown Figure 14d in a logarithmic representation. Quenching efficiencies > 1 are found for 
electron-poor nitroaromatic analytes (NB and DNT), while for the rest of analytes only a 
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transfer between the excited, electron-rich host and the electron-poor nitroaromatic 
quencher.
44
 A higher quenching efficiency showed for the energy transfer from the LUMO 
level of PSpCz (-2.58 eV) to LUMO level of DNT (-3.22 eV) might be ascribed to a deeper 
LUMO level of DNT if compared to LUMO level of NB (-2.91 eV). Finally, gas-phase 
detection of 2,4,6-trinitrotoluene (TNT) at concentration of 5 ppb (room temperature level) 
was investigated for PSpCz films (see Figure 14e). PL intensity of the PSpCz films is 
quenched by ca. 50 % after 30 min by contact with TNT vapors. A clearly detectable 
quenching effect is even found after a few seconds (see Figure 14f). For comparison, PL 
quenching is not detectable for nonporous SpCz films at even much higher TNT concentration 
of 3 ppm. These results clearly demonstrate the importance of the microporosity/high surface 




In summary, electrochemical polymerization of a series of carbazole-based multifunctional 
monomers resulted in the generation of microporous polymer networks as thin films with high 




. The observed porosity is directly related to the number of 
carbazole units of the monomers. MPN-modified glassy carbon electrodes were successfully 
used for the electrochemical detection of 1,3,5-trinitrobenzene as prototypical nitroaromatic 
analyte in aqueous solution, resulting in a distinct enhancement of the cathodic current 
response by up to 2 orders of magnitude for the best performing microporous polymer 
network. The electrochemical reduction of the nitroaromatic analytes was found to be an 
adsorption-controlled process for low scan rates but becomes diffusion-controlled for higher 
scan rates. These studies demonstrate a high application perspective of electropolymerized 
carbazole-based MPN films for the electrochemical sensing of nitroaromatic analytes. 
Additionally, the application potential of PSpCz films for the gas-phase sensing of 
nitroaromatic explosives was demonstrated, displaying high detection sensitivity up to TNT 
trace concentrations (5 ppb). 
 
2.4. Experimental Section 
2.4.1.  Monomers and Bulk Polymers 
4,4'-Di(carbazol-9-yl)-1,1'-biphenyl (CBP) (> 98.0 %) and tri[4-(carbazol-9-yl)phenyl]-amine 
(TCTA) (> 98.0 %) were purchased from TCI. 1,3,5-Tri(carbazol-9-yl)benzene (TCB) (97 %) 
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was purchased from Sigma-Aldrich. All other reagents and chemicals were purchased from 




C NMR spectra were obtained on 
Bruker Avance 400 and III 600 machines. APLI mass spectra were recorded on a Bruker 
Daltronik micrOTOF system (KrF*-Laser ATLEX-SI, ATL Wermelskirchen). A Tousimis 
Samdri-795 system was used for washing the bulk polymers with supercritical carbon 
dioxide. Nitrogen and krypton adsorption-desorption isotherms were recorded on a BEL 
Japan Inc Belsorp-max system at 77 K. A maximum relative pressure of 0.6 was set for 
measurements with Kr gas. All samples were dried on a Belprep-vac II at 140 °C and ~ 2 Pa 
overnight prior to the gas sorption measurements. 
2.4.1.1. Synthesis of 4,7-di[4-(carbazol-9-yl)phenyl]benzo[c][1,2,5]thiadiazole 
(CBPBT) 
4,7-Di(4,4,5,5-tetramethyl-1,3,2-dioaborolan-2-yl)benzo[c][1,2,5]thiadiazole (1.683 g, 4.12 
mmol) and 9-(4-bromophenyl)carbazole (2.65 g, 8.24 mmol) were placed in a 250 mL round 
flask. Next, degassed toluene (15 mL), n-butanol (12 mL) and 20% aqueous Na2CO3 solution 
(20 mL) were added. After addition of tetrakis (triphenylphosphine)palladium(0) (0.124 g, 
0.107 mmol) in toluene (15 mL), the mixture was refluxed under exclusion of light and argon 
atmosphere overnight. After cooling to room temperature, dichloromethane (50 mL) was 
added and the organic phase washed with three portions of aqueous 2 N HCl (each 50 mL). 
After removal of the solvents, the crude product was purified by column chromatography on 
silica, (eluent: hexane/chloroform 7:3). The product was isolated as yellow powder, yield: 1.7 
g (67 %). 
1
H NMR (600 MHz, C2D2Cl4)  8.39 (d, J = 8.4 Hz, 4H), 8.22 (d, J = 7.8 Hz, 4H), 
8.05 (s, 2H), 7.83 (d, J = 8.4 Hz, 4H),7.62 (d, J = 8.2 Hz, 4H), 7.53-7.50 (m, 4H), 7.39-7.37 
(m, 4H); 
13
C NMR (151 MHz, C2D2Cl4) : 154.06, 140.88, 137.89, 136.10, 132.44, 130.57, 
128.05, 126.84, 125.97, 123.52, 120.16, 120.11, 109.89; MS (APLI) 618.172 [618.188] (M
+
). 
2.4.1.2. Synthesis of 2,2’,7,7’-tetra(carbazol-9-yl)-9,9’-spirobifluorene (SpCz) 
2,2',7,7'-Tetrabromo-9,9'-spirobifluorene (2.00 g, 3.16 mmol), carbazole (2.55 g, 15.23 
mmol), copper(I) iodide (2.90 g, 15.23 mmol), potassium carbonate (5.27 g, 38.14 mmol) and 
2,2'-bipyridine (0.24 g, 1.53 mmol) were placed in a 100 mL round flask and carefully 
degassed. 1,2-Dichlorobenzene (50 mL) was added as solvent, and the mixture was stirred 
under argon atmosphere and exclusion of light at 180 °C for 3 days. The hot reaction mixture 
was filtered through celite and washed with hot toluene. After evaporation of the solvent, the 
crude product was purified by column chromatography on silica, (eluent: 
hexane/dichloromethane 6:3) and recrystallized from a hexane/dichloromethane mixture. The 
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product was isolated as white powder, yield: 1.81 g (83 %). 
1
H NMR (600 MHz, C2D2Cl4) : 
8.16 (d, J = 7.7 Hz, 8H), 8.12 (d, J = 8.1 Hz, 4H), 7.70 (dd, J = 8.0, 1.9 Hz, 4H), 7.46-7.41 (m, 
8H), 7.38-7.33 (m, 16H), 7.32 (d, J = 1.8 Hz, 4H); 
13
C NMR (151 MHz, C2D2Cl4) : 149.76, 
140.57, 140.05, 137.27, 127.27, 126.00, 123.09, 122.47, 121.99, 120.34, 120.08, 109.40, 
65.75; MS (APLI) 976.346 [976.357] (M
+
).  
2.4.1.3. Synthesis of tetra[4-(carbazol-9-yl)phenyl]methane (TPTCz) 
Tetra(4-bromophenyl)methane (1.00 g, 1.58 mmol), carbazole (1.27 g, 7.56 mmol), copper(I) 
iodide (1.44 g, 7.56 mmol), potassium carbonate (2.62 g, 18.95 mmol) and 2,2'-bipyridine 
(0.12 g, 0.76 mmol) were placed in a 100 mL round flask and carefully degassed. 1,2-
Dichlorobenzene (50 mL) was added, and the mixture was stirred under argon atmosphere 
and exclusion of light at 180 °C for 3 days. The hot reaction mixture was filtered through 
celite and washed with hot toluene. After evaporation of the solvent, the crude product was 
purified by column chromatography on silica, (eluent: hexane/chloroform 7:3) and 
recrystallized from a hexane/chloroform mixture. The product was isolated as slightly yellow 
powder, yield: 0.55 g (35 %). 
1
H NMR (400 MHz, C2D2Cl4) : 8.20 (d, J = 7.7 Hz, 8H), 7.77 
(d, J = 8.9 Hz, 8H), 7.73 (d, J = 8.9 Hz, 8H), 7.63 (d, J = 8.2 Hz, 4H), 7.52-7.48 (m, 8H), 
7.38-7.34 (m, 8H); 
13
C NMR (101 MHz, C2D2Cl4) : 144.92, 140.45, 135.82, 132.42, 126.03, 
125.96, 123.19, 120.26, 120.13, 109.87, 64.42.; MS (APLI) 980.377 [980.388] (M
+
).  
2.4.1.4. Synthesis of bulk polymers 
All monomers were chemically polymerized using the same methodology, which is described 
for CBP polymerization as following: CBP (300 mg, 0.619 mmol) was dissolved in 
anhydrous chloroform (30 mL) and transferred dropwise to a 250 mL round flask which 
contains a suspension of iron(III)chloride (603 mg, 3.71 mmol) in anhydrous chloroform (20 
mL). The resulting mixture was stirred at room temperature for one day under argon 
atmosphere. After addition of methanol (100 mL), the mixture was stirred for one more hour. 
The resulting precipitate was collected by filtration and washed with methanol. The powder 
was vigorously treated with aqueous hydrochloric acid 37 % for 2 h, filtered and washed with 
water and methanol. After Soxhlet extraction with methanol and THF for 24 h, the product 
was finally treated with ethanol (p.a.) for three days and washed with supercritical carbon 
dioxide. PCBP was isolated as slightly yellow powder, yield: 231 mg (77 %), PCBPBT as 
yellow powder (78 %), PTCB as yellow powder (88 %), PTCTA as slightly yellow powder 
(28 %), PSpCz as slightly yellow powder (87 %), and PTPTCz as slightly yellow powder (95 
%). 
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2.4.2.  Electrochemical Studies 
Acetonitrile, dichloromethane and chloroform (HPLC grade) were refluxed over phosphorus 
pentoxide for 3 h and distilled. Tetrabutylammonium perchlorate (TBAP, for electrochemical 
analysis, ≥ 99.0 %), phosphate buffered saline (PBS, pH 7.4), nitrobenzene (NB, analytical 
standard) and 2,4,6-trinitrophenol (TNP, ≥ 98%, moistened with water)  were purchased from 
Sigma-Aldrich. 1,3,5-Trinitrobenzene (TNB, neat) was purchased from Supelco. Potassium 
chloride (KCl, ≥ 99.5 %, ACS) was purchased from Roth. Indium tin oxide-coated transparent 
electrodes on glass (ITO, ≤ 20 Ohm m−2) were purchased from pgo. For electrochemical 
polymerization and characterization a Potentiostat/Galvanostat PAR VersaSTAT 4 in 
combination to a three-electrode cell was used. The AFM images were obtained with an 
atomic force microscope Bruker diInnova operated in tapping mode. The average surface 
roughness was extracted from the topography images. The thickness of the films was 
measured with a surface profilometer Vecco Dektak 150. 
2.4.2.1. Electrochemical polymerization on Pt electrodes 
5 mL of 0.5 mM solutions of the monomers were prepared in acetonitrile/dichloromethane 
(1:4) using 0.1 M TBAP as supporting electrolyte. The solutions were placed in a three-
electrode cell under argon atmosphere at 25 °C. A platinum disc electrode (Pt, 1 mm 
diameter) was used as working electrode (WE); a platinum wire was used as counter electrode 
(CE). Ag°/AgNO3 (0.1 M AgNO3, 0.60 V vs NHE) was used as reference electrode (RE). 




2.4.2.2. Electrochemical polymerization on glassy carbon (GC) electrodes and 
electrochemical sensing of TNB, NB and TNP 
The above mentioned solutions of the monomers were placed in a three-electrode cell. Glassy 
carbon disc electrode (GC, 1 mm diameter) was used as working electrode (WE). 
Potentiostatic polymerization of a monomer was achieved by applying a potential of 1.1 V 
until an oxidative charge of 0.2 mC was accumulated. A potential of 0 V was applied after 
polymerization during 30 s in order to discharge the deposit. After rinsing the deposit with 
acetonitrile and dichloromethane, the MPN-modified GC electrodes were used as WE in a 10 
mL of aqueous 0.2 M KCl and 0.1 M PBS under argon atmosphere at 25 °C. A platinum wire 
and Ag°/AgCl(sat.) (NaCl 3 M, 0.21 V vs NHE) were used as CE and RE, respectively. After 
5 min of stirring, prepotential of 0 V was applied for 30 s. Linear scan voltammograms were 
recorded from 0 V to −1 V with a scan rate of 0.01 Vs−1. For 1,3,5-trinitrobenzene (TNB) 
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detection, 5 L of 1 mM TNB solution in acetonitrile were added sequentially in order to 
adjust the TNB concentration from 0 M to 3 M. For nitrobenzene (NB) experiments, 6 L 
of 5 mM NB in acetonitrile were added to obtain a 3 M solution. For 2,4,6-trinitrophenol 
(TNP, picric acid) experiments, 150 L of 100 M TNP in water was added to obtain a 1.5 
M solution. Corresponding 100 M solutions were obtained by adding 200 L of 5 mM 
stock solutions. 
2.4.2.3. Electrochemical polymerization on ITO electrodes 
10 mL of the monomers solutions were placed in a three-electrode cell. ITO (~ 1.5x1.2 cm 
deposit area) on glass and a platinum gauze (2.5x1.2 cm area), separated by 1 cm, were used 
as WE and CE, respectively. Ag°/AgNO3 (0.1 M AgNO3, 0.60 V vs NHE) was used as RE. 
For krypton gas sorption isotherms, thick films were produced by applying an oxidative 
potential of 1 V (CBP, SpCz, TPTCz) or 1.1 V (CBPBT, TCB, TCTA) for 20 min. A 
potential of 0 V was applied after the polymerization for 60 s in order to discharge the 
deposits. After rinsing the deposits with acetonitrile and dichloromethane, they were dried for 
20 min at 85 °C. The collection of ca. 2 mg of material was necessary for reliable BET 
measurements. For thickness measurements, MPN films on ITO were prepared by applying a 
potential of 1.1 V until an oxidative charge density of 25.5 mC cm
2
 was accumulated. After 
the films had been dedoped by applying a potential of 0 V for 60 s, they were rinsed with 
acetonitrile and dichloromethane and dried for 20 min at 85 °C. Thin films of PSpCz for the 
gas-phase detection experiments were obtained applying 10 successive cyclic voltammograms 
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Electrogenerated MPNs from Tetra- and Octacarbazole-Based Monomers
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A series of four tetra- or octacarbazolyl-substituted, tetraphenylmethane/–silane monomers 
were oxidatively coupled into microporous polymer networks (MPNs). Chemical 





 (for the octacarbazolyl-substituted tetraphenylmethane monomer). Slightly 
increased SBET values result for the materials made from the octacarbazolyl monomers if 
compared to the tetracarbazolyl analogues, while the exchange of the central carbon by a 
silicon atom leads to decreased surface areas. The latter phenomenon might be related to 
electronic interactions of aromatic substituents through the silicon centers. This may cause a 
reduced reactivity of the carbazole after the initial oxidative couplings and finally a reduced 
cross-linking density of the resulting MPNs. Moreover, electrochemical oxidative coupling 
enables the formation of thin polymer films on the working electrode. These films also show 
high SBET values that are only slightly reduced if compared to the corresponding bulk MPNs. 
Electrochemical quartz crystal microbalance measurements allow for an in-situ 
characterization of the electrochemical MPN generation. Finally, the electrochemical 
reduction of a series of nitroaromatic compounds (NACs) on MPN-modified glassy carbon 
electrodes was studied and applied for high sensitivity NACs detection up to the ppb range. 
3.1. Introduction 
Films of microporous polymer networks (MPNs) synthesized by electrochemical oxidative 
polymerization have been intensively studied during the last years due to their promising 
application potential in the organic electronics field.
2,3
 These type of electrogenerated thin 
films not only show the typical properties of microporous polymer materials such as high 
intrinsic surface, chemical resistance and thermal stability, but also the advantages of an 
electrochemical polymerization, among others, easy control of thickness and surface 
morphology of the deposits, catalyst-free deposition procedures and tunable electrical 
properties via in-situ doping/dedoping of the films.
4
 Jiang and co-workers reported the 
electrogeneration of MPN films from organoborane-cored tri-carbazolyl monomers and their 
use as charge extraction/injection interlayers of organic solar cells and organic light-emitting 
diodes.
5
 These thin interlayers show electron- or hole-selective charge transport in their 
pristine state or after doping, respectively. Müllen and co-workers synthesized pyrene-cored 
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multifunctional triphenylamine dendrimers for electrochemical polymerization into thin 
films.
6
 The films were applied as photoluminescence (PL) chemosensors for the detection of 
nitroexplosives and Fe
3+
 anions with good sensitivity and selectivity. 
In this chapter, chemical and electrochemical oxidative polymerizations of four tetra- or octa-
functional carbazolyl monomers with tetraphenylmethane or –silane cores are carried out. 
Bulk microporous polymer networks obtained by oxidative coupling with iron(III) chloride 
showed increased specific surface areas (SBET) for the octacarbazyl monomers if compared to 
the corresponding tetracarbazolyl monomers. Most probably, the increased number of 
carbazole groups leads to a higher cross-linked, rigidified networks, and therefore to higher 
surface areas. On the other hand, the networks made from tetraphenylmethane-cored 
monomers display higher microporosities if compared to the corresponding tetraphenylsilane-
cored MPNs. This phenomenon might be related to the electronic interaction of aromatic 
substituents through silicon centers (so-called σ-π-conjugation) thus sequentially lowering the 
reactivity of carbazolyl groups after the initial (first, second or third) coupling steps. This may 
finally cause a lower cross-linking density and lower SBET values. Nitrogen gas sorption 
isotherms, thermal stability and optical properties were determined for all bulk MPN 
materials. Electrochemical oxidative polymerization of the series of carbazolyl monomers and 
the ongoing doping/dedoping processes of the as-formed MPN films were followed up with 
the electrochemical quartz crystal microbalance (EQCM) method. Electropolymerization of 
the monomers leads to the formation of thin MPN films with slightly reduced SBET values if 
compared to the corresponding chemically synthesized bulk materials. Finally, MPN-
modified glassy carbon (GC) electrodes were fabricated and used for the electrochemical 
detection of different nitroaromatic compounds (NACs) in aqueous environment with high 
sensitivities up to 0.1 M NACs (ppb range). 
3.2. Results and Discussions 
3.2.1. Synthesis of the Series of Monomers 
The four multifunctional carbazolyl-substituted monomers were all synthesized following 
literature procedures (see Experimental Section for details). Tetra[4-(carbazol-9-
yl)phenyl]methane (TPTCz) was synthesized in three steps with moderate yield: After 
formation of the tetraphenylmethane core by reaction of aniline with triphenylchloromethane, 
its bromination results in tetra(4-bromophenyl)methane. Finally, a fourfold Ullman-type 
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coupling with carbazole gave monomer TPTCz in 36 % yield. Tetra[3,5-di(carbazol-9-
yl)phenyl]methane (TPOcCz) was obtained in a five step procedure. Nitration of 
tetraphenylmethane with fuming nitric acid followed by a Raney-nickel-catalyzed hydrazine 
reduction gave tetra(4-aminophenyl)methane in 72 % yield. Octabromination of the 
tetraamine with bromine and subsequent deamination yielded tetra(3,5-
dibromophenyl)methane. Again, an eightfold Ullman-type coupling with carbazole delivered 
monomer TPOcCz in 29 % yield. The silicon-cored monomers tetra[4-(carbazol-9-
yl)phenyl]silane (TPTCzSi) and tetra[3,5-di(carbazol-9-yl)phenyl]silane (TPOcCzSi) were 
synthesized in reductive coupling procedures of 9-(4-bromophenyl)-carbazole or 5-bromo-
1,3-di(carbazol-9-yl)benzene with tetrachlorosilane with 72 % and 20 % yield, respectively.  
 
3.2.2. Characterization of Chemically Synthesized Bulk Polymers 
Oxidative coupling of the carbazole-based monomers with iron(III) chloride resulted in the 
formation of the bulk polymers in excellent yields (> 85 %), isolated as fine powdery 
materials. Thermogravimetric analysis of the polymers showed a good thermal stability under 
argon up to 450 °C (see Figure 1). Solid state UV-vis reflectance and photoluminescence (PL) 
spectra of the insoluble polymers are presented in Figure 2. PTPOcCz (made from the 
octacarbazolyl monomer TPOcCz) showed a red-shifted absorption onset if compared to 
PTPTCz (made from the tetracarbazolyl monomer TPTCz). In contrast, both silicon-cored 







Scheme 1. Chemical structures of the investigated carbazole-based monomers. 
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Figure 1. TGA curves of the bulk MPNs (FeCl3 oxidation): PTPTCz (a), PTPTCzSi (b), 
PTPOcCz (c), and PTPOcCzSi (d). 
 
remarkable intense photoluminescence. The PL maxima of the bulk MPNs are centered at 444 
nm (PTPTCz), 473 nm (PTPTCzSi), 482 nm (PTPOcCz) and 471 nm (PTPOcCzSi). The 
optical spectra reflect the presence of N-arylated biscarbazole chromophores and are 
comparable to the spectra of similar networks.
7









Figure 2. UV-vis (diffuse reflection) (a) and photoluminescence (b) spectra of the solid-state, 
bulk MPNs. 
 
Specific surface areas of the bulk polymers were calculated by applying the Brunauer-
Emmett-Teller equation to their respective nitrogen gas adsorption isotherms at 77 K (see 
Figure 3). A highly uptake of gas at low relative pressures (< 0.1) is characteristic of 
microporous materials.
8
 Pore sizes were determined from a nonlocal density functional theory 
(NLDFT) model resulting in average pore diameters of 0.91 nm – 1.38 nm.9,10  For PTPTCz, 
the additional gas uptake at high relative pressure (> 0.9) and the more pronounce hysteresis 
should be related to meso- and macroporosity (interparticular voids). Table 1 outlines the 
porosity data for the four bulk MPNs. Hereby, the two octacarbazolyl-based MPNs  
(PTPOcCz and PTPOcCzSi) show increased SBET values if compared to the corresponding 
tetracarbazolyl-based MPNs (PTPTCz and PTPTCzSi). This phenomenon maybe related to an 
increased cross-linking density as result of the increased amount of reactive carbazolyl groups 
in the monomers. The SBET value for PTPTCz well compares to published data for analogous 
MPNs made under similar conditions.
11,12
 PTPOcCz possesses the highest specific surface 
 
 
Figure 3. Nitrogen gas sorption isotherms of chemically synthesized bulk MPNs. 
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Table 1. Porosity data, gas uptake (at 298 K) and gas sorption selectivity of the four bulk 

















Gas uptake [%] Selectivity
c
  
CO2 N2 CH4 H2
b
 CO2/N2 CO2/CH4 
PTPTCz 1322 1.22 7.49 0.35 0.96 1.53 13.4 2.9 
PTPTCzSi 294 (574)
d
 0.22 3.27 0.13 0.40 0.69 15.7 3.0 
PTPOcCz 1331 1.00 8.47 0.43 1.03 1.52 12.4 3.0 
PTPOcCzSi 1194 0.92 7.87 0.32 0.97 1.44 15.8 3.0 
a
 Determined at P/P0 = 0.95; 
b
 Measured at 77 K; 
c
 Calculated by applying Henry’s law;13 
d








. On the other hand, both carbon-cored materials (PTPTCz and 
PTPOcCz) displayed an increased SBET values in relation to the respective silicon-cored 
MPNs (PTPTCzSi and PTPOcCzSi). This phenomenon can be related to the electronic σ-π-
interaction of aromatic substituents through the silicon centers thus sequentially decreasing 
the reactivity of the carbazolyl groups after the initial (first, second, third, etc.) coupling steps 
leading to a lower cross-linking density and lower SBET values.
15
 This effect is more pronoun-










PTPTCzSi by applying harsher reaction conditions (higher temperature and pressure, and 
longer reaction time).
14




was found for the resulting MPN, still lower than the literature value. Microporous polymer 
networks are promising candidates for applications in gas storage and separation.
16,17
 The four 
MPNs are characterized by reasonably good CO2 uptake capacities of up to 8.47% at 25 °C 
(see Figure 4) which is related to the polar character of the electron-rich carbazolyl-based 
MPN. The selectivities of gas adsorption by applying Henry’s law for CO2/N2 and CO2/CH4 
at 25 °C were 13.4 and 2.9 for PTPTCz, 15.7 and 3.0 for PTPTCzSi, 12.4 and 3.0 PTPOcCz, 
and 15.8 and 2.7 PTPOcCzSi, respectively. 
 
3.2.3. Electrochemical Characterization of the Monomers and Polymers at Pt Disc 
Electrodes 
Next, the corresponding MPN films were fabricated by electrochemical, oxidative coupling of 
the four monomers. In the experiments, 0.1 mM monomer solutions in acetonitrile/dichloro-
methane (1:4) were used together with tetrabutylammonium perchlorate (TBAP) as 
supporting electrolyte in a conventional three-electrode cell. Multiple cyclic voltammograms  






Figure 4. Gas adsorption isotherms for the bulk MPNs: PTPTCz (a), PTPTCzSi (b), 
PTPOcCz (c), and PTPOcCzSi (d). 
 
were applied from -1.0 V to 1.1 V at a scan rate of 0.10 Vs
–1
. Figure 5 shows the first anodic 
voltammograms during electropolymerization on Pt disc electrodes for all monomers. Herein, 
the first oxidation peaks are ascribed to the oxidation of carbazolyl groups into cation radicals 
followed by dimerization (radical coupling) and deprotonation of the coupled intermediates 
into 3,3′-dicarbazole linkages.18 Two important issues should be mentioned: (i) lower 
oxidation potentials are needed for both tetracarbazolyl monomers (TPTCz and TPTCzSi) if 
compared to the corresponding octacarbazolyl monomers (TPOcCz and TPOcCzSi). This may 
be related to the substitution pattern of the monomers: In the sterically demanding 
octacarbazolyl monomers a higher carbazolyl-phenyl distortion angle is expected. (ii) Higher 
oxidation current peaks are observed for the octacarbazolyl monomers in line with the double 
amount of electroactive carbazolyl groups. TPTCzSi showed a reduced peak current if 
compared to TPTCz probably caused by the low solubility of the monomer in the solvent 
mixture (0.1 mM concentration cannot be reached). Twenty successive cyclic voltammograms 

































































































Figure 5. First anodic scan voltammograms for 0.1 mM solutions of the monomers and 0.1 M 
tetrabutylammonium perchlorate in acetonitrile/dichloromethane (1:4) at Pt disc electrodes. 






Figure 6.  Twenty cyclic voltammograms at Pt disc electrodes for 0.1 mM solutions of 
TPTCz (a), TPTCzSi (b), TPOcCz (c) and TPOcCzSi (d) in acetonitrile/dichloromethane (1:4) 
mixtures and 0.1 M TBAP as supporting electrolyte. Cyclic voltammograms were recorded 
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leads to a progressively increased current, thus reflecting the deposition and increasing 
thickness of the MPN films onto the electrode. In the case of both tetracarbazolyl monomers, 
two reversible peaks are clearly shown after the first cycle in the potential range of 0.5 V – 
1.0 V. These peaks can be related to the doping/dedoping of the polymer film under formation 
of radical-cations (polarons) or dications (bipolarons).
19
 For the octacarbazolyl monomers, 
these peaks are still observed but they are less defined. Cyclic voltammograms at different 
scan rates (0.005 Vs
–1
 – 0.20 Vs–1) for the MPN deposits on Pt disc electrodes in monomer-
free solutions (see Figure 7) show a linear relationship between peak current and scan rate 







Figure 7.  Cyclic voltammograms and linear dependence of peaks current and scan rate for 
deposits of PTPTCz (a, b), PTPTCzSi (c, d), PTPOcCz (e, f) and PTPOcCzSi (g, h), 
respectively, on Pt disc electrodes in monomer-free acetonitrile containing 0.1 M TBAP as 
supporting electrolyte. A potential range of 0 V – 1.1 V was used at different scan rates from 
0.005 to 0.20 Vs
−1
. The films were prepared as described in the caption of Figure 6. 
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3.2.4. Electrochemical Quartz Crystal Microbalance Studies of the Monomers and 
Polymers 
The electrochemical quartz crystal microbalance (EQCM) technique, also called 
electrogravimetry, is a powerful method for the determination of very small mass changes (up 
to pg) at the electrode. The method can be coupled with simultaneous electrochemical 
measurements, e.g. cyclic voltammetry.
21
 The mass variations result from frequency changes 
(f) of a quartz crystal resonator. The frequency change is related to the mass variation by the 
Sauerbrey equation.
22
 A proportionality factor of 1.068 ng Hz
–1
 was used in the analysis of 
the experiments. Ten cyclic voltammograms of electropolymerization for the carbon-cored 
monomers (TPTCz and TPOcCz) at Pt/quartz electrodes were recorded under similar 
conditions as described in the previous section (see Figures 8a and 8d). The following features 
are worth mentioning: (i) During the first anodic scan, the frequency decrease starts at 
potentials of around 0.9 V corresponding to the oxidation of the electroactive carbazolyl units 
and subsequent deposition of the MPN films. (ii) As obvious in Figures 8b and 8e, the mass 
increase reflects the amount of MPN deposits on the Pt/quartz electrode during successive 
cycling. After the initial deposition during the first cycle, a constantly increasing mass is ob- 
 
   
   
Figure 8. Ten cyclic voltammograms (black lines) and frequency changes (red lines), and 
mass accumulation in the electrochemical polymerization of 0.1 mM solutions of TPTCz (a, 
b) and TPOcCz (d, e), respectively, using 0.1 M TBAP in acetonitrile/dichloromethane (1:4) 
at Pt/quartz electrodes. Cyclic voltammograms (black lines) and frequency changes (red lines) 
for PTPTCz (c) and PTPOcCz (f) on Pt/quartz electrodes in a monomer-free solution of 0.1 M 
TBAP in acetonitrile. The cyclic voltammograms were recorded from -1.0 V to 1.1 V with a 
scan rate of 0.10 Vs
−1
. 
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served pointing for a homogeneous film growth. (iii) Additionally, the mass plots clearly 
show gain and loss of mass at the beginning of each step which is related to uptake and 
release of counteranions (perchlorates) in doping/dedoping processes of the deposits thus 
reflecting the electroactivity of the material.
23
 The amplitude of this effect increases with the 
number of cycles due to the increasing thickness of the film. Figures 8c and 8f depict cyclic 
voltammograms and frequency changes for MPN deposits in monomer-free solution (0.1 M 
TBAP in MeCN). The decreased frequency and increased mass during oxidation is related to 
a p-doping process with insertion of perchlorate counteranions into the MPN deposit, while 
during the following reduction, dedoping occurs as visible by an increased frequency due to 
the release of perchlorate counteranions into the solution. The hysteresis of the frequency 
scans and the slight mass increase at the turning point of the cycle should be related to the 
limited ion mobility and to an incomplete desorption of perchlorate anions due to ion 
trapping, respectively.
24
 This phenomenon is more noticeable for TPOcCz than for TPTCz 
deposits. Similar results were obtained for the two silicon-cored monomers (see Figure 9). 
 
   
   
Figure 9. Ten cyclic voltammograms (black lines) and frequency changes (red lines), and 
mass accumulation in the electrochemical polymerization of 0.1 mM solutions of TPTCzSi (a, 
b) and TPOcCzSi (d, e), respectively, using 0.1 M TBAP in acetonitrile/dichloromethane 
(1:4) at Pt/quartz electrodes. Cyclic voltammograms (black lines) and frequency changes (red 
lines) for PTPTCzSi (c) and PTPOcCzSi (f) on Pt/quartz electrodes in a monomer-free 
solution of 0.1 M TBAP in acetonitrile. The cyclic voltammograms were recorded from -1.0 
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3.2.5. Porosity, Optical and Morphological Characterization of Electrogenerated 
MPN Films 
Krypton adsorption isotherms at 77 K of thick films of the series of microporous polymer 
networks have been recorded and are shown in Figure 10a in the range of the relative pressure 
of 0 – 0.6. The free-standing, thick films were obtained by potentiostatic electrochemical 
polymerization of 0.5 mM monomer solutions in MeCN/DCM (1:4) applying an oxidative 
potential of 1.0 V (TPTCz and TPTCzSi) or 1.1 V (TPOcCz and TPOcCzSi) for 20 min. For 
comparison, nitrogen adsorption isotherms of their respective bulk polymers have been also 
recorded and are depicted in Figure 10b. Similar trends in the adsorption isotherms are 
observed for both series of polymers. First, a high gas uptake at low relative pressure (< 0.1) 
reflects once again the microporous nature of the films. Generally, slightly reduced specific 
surface areas were found for the films if compared to the bulk materials (see Table 2).  
 
Moreover, the electrochemically accessible surface area (SEQCM) of the MPN films were 
calculated by using the procedure describe by Ignaszac and co-workers.
25
 Hereby, the SEQCM 
values are related to the mass gain of the deposit during ion uptake (doping). In this case, 
perchlorate anions flow into the MPN deposits during oxidation as an equivalent to the 
positive charges formed during p-doping (see Figure 8c, 8f, 9c and 9f). As expected, much 
lower SEQCM surface areas results if compared to the SBET values (see Table 2). Nevertheless, 
similar trends are observed for both SBET and SEQCM with the highest values for PTPTCz and 
the lowest for PTPTCzSi films. The difference between both values might be explained as 
following: SBET surface areas from gas sorption isotherms are based on physical sorption of 
 
  
Figure 10. Adsorption isotherms of electropolymerized MPN films (a) and the corresponding 
bulk polymers synthesized by oxidative coupling with iron(III) chloride (b), using Kr or N2 
gas, respectively. 
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Table 2. Specific surface area obtained by using Kr gas adsorption isotherms and EQCM 
measurements of electrogenerated MPN films. All SBET film measurements were carried out 















PTPTCz 1106 92 
PTPTCzSi 492 39 
PTPOcCz 1027 46 
PTPOcCzSi 872 44 
 
gases in the bulk material, while SEQCM surface areas from ionic uptake are based on 
electrostatic interactions between the charged material (oxidized or reduced) and the 
respective counterions. Basically, the latter technique is limited by the maximum doping level 
that is possible (often around 0.25 to 0.40)
26
 thus reducing the calculated surface area. 
 
FT-IR spectra of the series of bulk polymers and MPN films showed similar characteristic 
peaks in the range of 650 cm
–1
 – 2000 cm–1 (see Figure 11). Moreover, the emergence of a 




 for the bulk polymers and 805 cm
–1
 for the electrogenerated 
films) is usually attributed to the trisubstituted carbazole ring in both materials.
27,28
 
Morphology studies of the MPN thin films were done by tapping mode AFM (see Figure 12). 
The films were prepared from 0.1 mM solutions of the monomers in MeCN/DCM (1:4) using 
0.1 M TBAP as supporting electrolyte. Ten consecutive cyclic voltammograms in the 
potential range from -1.0 V to 1.0 V (TPTCz, TPTCzSi) or 1.1 V (TPOcCz, TPOcCzSi) were 
applied with a scan rate of 0.10 Vs
1
. Potentiodynamic electrochemical polymerization of the 
series of monomers on ITO resulted in the deposition of thin, smooth MPN thin films (one 
prerequisite for a potential application in organic electronic devices). The films show average 
surface roughness (Rq)/thickness of 3.6 nm/52 nm for PTPTCz, 6.7 nm/30 nm for PTPTCzSi, 
4.2 nm/62 nm for PTPOcCz, and 4.8 nm/61 nm for PTPOcCzSi, respectively. 
 
3.2.6. Electrochemical Reduction of Nitroaromatic Analytes at MPN-Modified Glassy 
Carbon Electrodes 
In the previous Chapter,
12,29
 a correlation between the current response in the electrochemical 
reduction of 1,3,5-trinitrobenzene at MPN-modified glassy carbon (GC) electrodes and the 
specific surface area of the polymer deposit in aqueous solutions was demonstrated.
11,26
 Follo- 





Figure 11. FT-IR spectra of the monomers: TPTCz (a), TPTCzSi (b), TPOcCz (c), TPOcCzSi 
(d) (black lines); the corresponding bulk MPNs (red lines), and the corresponding 










Figure 12. Tapping mode AFM images of MPN films on ITO: PTPTCz (a), PTPTCzSi (b), 
PTPOcCz (c), and PTPOcCzSi (d). 
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wing the same line, the electrochemical detection of various nitroaromatic analytes was 
carried out on GC electrodes modified with MPN films made from the herein described 
monomers. The MPN deposits were prepared by potentiostatic electrochemical 
polymerization of 0.1 mM monomer solutions in an acetonitrile/dichloromethane (1:4) 
mixture. An oxidative potential of 1.1 V was applied until an accumulative charge of 0.2 mC 
was reached (for all the materials). Next, linear scan voltammograms were recorded in 
buffered aqueous solutions (pH 7.4) containing 0.5 µM nitrobenzene (NB) within a potential 
range from 0 V to -1.0 V and scan rate of 0.01 Vs
–1
 (see Figure 13a). A single reduction peak 
is observed at a potential of -0.63 V to -0.65 V that is ascribed to the reduction of the nitro to 
hydroxylamine groups by uptake of four electrons.
30
 Non-modified GC electrodes did not 
show any peak for the mentioned NB concentration again illustrating the increased sensitivity 
of the MPN-modified electrodes if compared to the bare GC electrode. This phenomenon 
might result from interfacial interactions between the electron-poor nitroaromatic compounds 
and the electron-rich dicarbazolyl groups of the microporous polymers.
31
 A clear correlation 




Figure 13. Linear scan voltammograms for the reduction of 0.5 μM NB at non-modified and 
MPN-modified GC electrodes (a), or for the reduction of 0.1 μM solutions of various, other 
nitroaromatic analytes at PTPTCz-modified GC electrodes (b), in buffered, aqueous solution 
(pH 7.4). LSVs were obtained with a scan rate of 0.01 V s
−1
. The MPN deposits were 
prepared in MeCN/DCM (1:4) solution with an accumulative oxidation charge of 0.20 mC. 
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Figure 14. Dependence of the cathodic peak currents (after background correction) for the 
reduction of nitrobenzene at MPN-modified GC electrodes, on the specific surface areas 
(SBET) of the polymer deposits. 
 
that is used in the modification of GC electrodes was observed with the highest response for 
PTPTCz-modified GC electrodes (see Figure 14).  
 
Finally, the sensitivity of the PTPTCz-modified GC electrodes was tested for lowered analyte 
concentrations of a series of mono-, di- and trinitroaromatic compounds. Figure 13b shows 
the LSVs for the reduction of  0.1 µM solutions of nitrobenzene (NB), 1,3-dinitrobenzene 
(DNB), 2,4-dinitrotoluene (DNT), 1,3,5-trinitrobenzene (TNB), 2,4,6-trinitrophenol (TNP) 
and 2,4,6-trinitrotoluene (TNT) at PTPTCz-modified GC electrodes. One, two or three 
reduction peaks were clearly observed even for low analyte concentrations (ppb range) 
corresponding to the reduction of one, two or three nitro-substituents, respectively. Strikingly, 
TNP only shows a single, broad peak. The reduction peak potential for NB was observed at -
0.65 V, while DNB showed one reduction peak at similar potential (-0.67 V) and another one 
at a lower reduction potential of -0.52 V. Therefore, less energy is required for the initial 
interfacial charge-transfer between the electron-rich carbazolyl microporous polymer and the 
electron-poorer 1,3-dinitrobenzene if compared to nitrobenzene. As expected, TNB shows 
reduction peaks at -0.67 V, -0.57 V and an additional one at a lower reduction potential of      
-0.38 V. For DNT and TNT reduction peak potentials are found at -0.72 V and -0.58 V 























In summary, four carbon- or silicon-cored tetra- or octafunctional carbazolyl monomers were 
polymerized into microporous polymer networks by oxidative coupling, both chemical 
(FeCl3) or electrochemical approach. The formation of MPNs (as powdery materials or 
homogeneous films) with high SBET surface areas was observed for both methods. Hereby, the 
use of octacarbazolyl monomers resulted in MPNs with slightly increased surface areas in 
relation to the corresponding tetracarbazolyl polymers. On the other hand, silicon-cored 
monomers displayed the tendency to produce MPNs with reduced surface areas if compared 
to carbon-cored monomers. Electrochemical quartz microbalance (EQCM) studies showed 
stepwise deposition of the networks by potentiodynamic electropolymerization overlayed by 
doping/dedoping cycles. An expected reduced electrochemically accessible surface area 
(SEQCM) was observed for all MPN films if compared to the SBET values. Finally, MPN-
modified GC electrodes were used for the electrochemical reduction of various nitroaromatic 
compounds (NACs) in aqueous environment up to analyte concentrations of 0.1 µM (ppb 
level).   
 
3.4. Experimental Section 
3.4.1. Monomers and Bulk Polymers 





C NMR spectra were obtained on a Bruker Avance 400 and III 600 machines. 
APLI mass spectra were recorded on a Bruker Daltronik micrOTOF system (KrF*-Laser 
ATLEX-SI, ATL Wermelskirchen), MALDI-TOF mass spectra on a Bruker Reflex TOF, and 
field desorption (FD) mass spectra on a VG Instruments ZAB2-SE-FPD. Thermogravimetric 
analyses were recorded under argon flow on a Mettler Toledo TGA/DSC1 STAR System. FT-
IR and UV-vis spectra were recorded on a JASCO FT/IR-4200 and V-670, respectively. 
Photoluminescence spectra were obtained on a HORIBA Scientific FluoroMax-4 
Spectrofluorometer. A Tousimis Samdri-795 system was used for washing the bulk polymers 
with supercritical carbon dioxide. Nitrogen and krypton adsorption-desorption isotherms were 
recorded on a BEL Japan Inc Belsorp-max system at 77 K. A maximum relative pressure of 
0.6 was set for measurements with Kr gas. All samples were dried on a Belprep-vac II at 140 
°C and ~ 2 Pa overnight prior to the gas sorption measurements. The data analysis was carried 
out with the software BELMaster Version 6.1.0.8. The average pore diameters were estimated 
from the pore distribution curves by applying a nonlocal density functional theory (NLDFT) 
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model. These curves are calculated by fitting theoretical adsorption isotherms (by using the 




3.4.1.1. Synthesis of tetraphenylmethane (1) 
(Chloromethanetriyl)tribenzene (20 g, 71.7 mmol) and aniline (17.37 g, 187 mmol) were 
filled into a 500 mL round flask. The reaction mixture was slowly heated up to 190 °C under 
vigorous stirring. After 15 min, the reaction mixture was allowed to cool down to r.t. An 
aqueous solution of HCl 2M (80 mL) and methanol (120 mL) were added to the pulverized 
solid and the reaction mixture was heated to 80 °C for 30 min. After cooling down to r.t., the 
resulting solid was filtered off, washed with water and dried in vacuo (70 °C, 24 h). In a 1L 
round flask, the dry solid was suspended in DMF (200 mL) and cooled down to -15°C. At this 
temperature, sulfuric acid 96% (22 mL) and isopentyl nitrite (17 mL) were added slowly and 
the resulting suspension was stirred for 1 h. Phosphinic acid 30% (60 mL) was added 
dropwise. Once the addition was completed, the reaction mixture was heated to 50 °C until 
the evolution of gas was ceased. Then, the solid was filtered off and washed twice with DMF, 
water and ethanol. The raw material was recrystallized from dichloromethane and dried in 
vacuo (70 °C, 24 h) to give white crystals, yield: 20 g (87 %). 
1
H NMR (400 MHz, C2D2Cl4) 
δ: 7.30-7.18 (m, 20H); 13C NMR (101 MHz, C2D2Cl4) δ: 146.64, 130.97, 127.38, 125.72, 
64.81.; MS (APLI) 320.146 [320.157] (M
+
). 
3.4.1.2. Synthesis of tetra(4-bromophenyl)methane (2) 
To a 250 mL three-necked round-bottomed flask containing bromine (199 g, 1248 mmol), 
tetraphenylmethane (20 g, 62.4 mmol) was added in small portions under vigorous 
mechanical stirring at r.t. After the addition was completed, the resulting solution was stirred 
for 20 min and then cooled to -78 °C. At this temperature, ethanol (175 mL) was added 
slowly and the reaction mixture was allowed to warm up to r.t. overnight. Afterwards, the 
precipitate was filtered off and washed subsequently with saturated aqueous sodium 
hydrogensulfite solution and water. After drying in vacuo, the crude product was purified by 
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column chromatography on silica (eluent: hexane/dichloromethane 9.5:0.5) to give white 
crystals, yield: 25 g (60 %). 
1
H NMR (600 MHz, C2D2Cl4) δ: 7.42 (d, J = 8.7 Hz, 8H), 7.04 
(d, J = 8.7 Hz, 8H); 
13
C NMR (151 MHz, C2D2Cl4) δ: 144.33, 132.15, 131.01, 120.53, 63.48.; 
MS (MALDI-TOF) 635.7 [635.8] (M
+
). 
3.4.1.3. Synthesis of tetra[4-(carbazol-9-yl)phenyl]methane (TPTCz) 
Tetra(4-bromophenyl)methane (1.00 g, 1.58 mmol), carbazole (1.27 g, 7.56 mmol), copper(I) 
iodide (1.44 g, 7.56 mmol), potassium carbonate (2.62 g, 18.95 mmol) and 2,2'-bipyridine 
(0.12 g, 0.76 mmol) were placed in a 100 mL round flask and carefully degassed. 1,2-
Dichlorobenzene (50 mL) was added, and the mixture was stirred under argon atmosphere 
and exclusion of light at 180 °C for 3 days. The hot reaction mixture was filtered through 
celite and washed with hot toluene. After evaporation of the solvent, the crude product was 
purified by column chromatography on silica, (eluent: hexane/chloroform 7:3) and 
recrystallized from a hexane/chloroform mixture. The product was isolated as slightly yellow 
powder, yield: 0.55 g (36 %). 
1
H NMR (400 MHz, C2D2Cl4) : 8.20 (d, J = 7.7 Hz, 8H), 7.77 
(d, J = 8.9 Hz, 8H), 7.73 (d, J = 8.9 Hz, 8H), 7.63 (d, J = 8.2 Hz, 4H), 7.52-7.48 (m, 8H), 
7.38-7.34 (m, 8H); 
13
C NMR (101 MHz, C2D2Cl4) : 144.92, 140.45, 135.82, 132.42, 126.03, 






3.4.1.4. Synthesis of 9-(4-bromophenyl)-carbazole (3) 
1,4-Dibromobenzene (14.11 g, 59.8 mmol), 9H-carbazole (5.00 g, 29.9 mmol), copper(I) 
iodide (0.57 g, 2.99 mmol), potassium carbonate (37.20 g, 269 mmol), 2,2'-bipyridine (1.21 g, 
7.77 mmol) and o-dichlorobenzene (250 ml) were added under protective argon atmosphere 
and exclusion of light and stirred at 180 °C overnight. The hot reaction mixture was filtered 
over celite and washed with hot toluene. The residue was purified by silica gel column 
chromatography using hexane as the eluent to give a crystalline white solid, yield: 5.79 g (60 
%) 
1
H NMR (400 MHz, C2D2Cl4) δ: 8.19-8.14 (m, 2H), 7.80-7.74 (m, 2H), 7.51-7.40 (m, 
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6H), 7.34 (ddd, J = 7.99, 5.48, 1.36 Hz, 2H); 
13
C NMR (101 MHz, C2D2Cl4) δ: 140.34, 




3.4.1.5. Synthesis of tetra[4-(carbazol-9-yl)phenyl]silane (TPTCzSi) 
2.48 M n-BuLi in hexane (3.38 mL) was added dropwise to a solution of 9-(4-bromophenyl)-
carbazole (3 g, 9.31 mmol) in dry THF (30 ml) at -78°C. After stirring for 1 h, 
tetrachlorosilane (0.32 g, 1.86 mmol) was added dropwise to the mixture. The mixture was 
allowed to warm up to r.t. and stirred overnight. The precipitate in the mother liquid was 
filtered and washed with water and dichloromethane to give a white solid, yield: 1.34 g (72 
%). 
1
H NMR (400 MHz, C2D2Cl4) δ: 8.20 (d, J = 7.65 Hz, 8H), 8.10 (d, J = 8.34 Hz, 8H), 
7.83 (d, J = 8.33 Hz, 8H), 7.66 (d, J = 8.25 Hz, 8H), 7.52-7.47 (m, 8H), 7.39-7.34 (m, 8H); 
13
C NMR (101 MHz, C2D2Cl4) δ: 140.31, 139.25, 137.91, 132.32, 126.22, 126.08, 123.30, 






3.4.1.6. Synthesis of tetra(4-nitrophenyl)methane (4) 
To 40 mL of fresh, fuming nitric acid (40 mL) maintained at 0 °C, tetraphenylmethane (7.4 g, 
23.09 mmol) was slowly added over 15 min followed by a mixture of acetic anhydride (12.5 
mL) and acetic acid (25 mL) while maintaining the same temperature. Stirring was continued 
for another 15 min and the reaction mixture was diluted with acetic acid (50 mL) to 
precipitate the crude product, which was filtered off and washed with acetic acid (10 mL) to 
give a slightly orange solid, yield: 5.7 g (49 %). 
1
H NMR (400 MHz, DMSO) δ: 8.26-8.21 (m, 
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8H), 7.63-7.58 (m, 8H); 
13
C NMR (101 MHz, DMSO) δ: 150.99, 146.09, 131.46, 123.76, 
65.25; MS (MALDI-TOF) 501.1 [500.1] (M
+
). 
3.4.1.7. Synthesis of tetra(4-aminophenyl)methane (5) 
To tetra(4-nitrophenyl)methane (4.00 g, 7.99 mmol) in THF (250 mL), hydrazine 
monohydrate (5.00 g, 156 mmol) and Raney-nickel 50% (25 g) were added and refluxed at 70 
°C for about 3 hours. The mixture was hot filtered and washed with ethanol. The solvent was 
evaporated and the residue was washed with ethanol and dried to give a white solid, yield: 2.2 
g (72 %). 
1
H NMR (600 MHz, DMSO) δ: 6.70-6.66 (m, 8H), 6.42-6.37 (m, 8H), 4.82 (s, 8H); 
13




3.4.1.8. Synthesis of tetra(3,5-dibromophenyl)methane (6) 
To a 100 mL round flask containing bromine (8.13 mL) at 0 °C, tetra(4-aminophenyl)methane 
(1.50 g, 3.94 mmol) was added in small portions under vigorous stirring. When the addition 
was completed, the resulting solution was stirred for 2 h at this temperature. Finally, chilled 
ethanol (50 mL) was slowly added and the reaction mixture was allowed to warm up to r.t. 
overnight. Afterwards, the precipitate was filtered off and washed subsequently with saturated 
aqueous sodium hydrogensulfite solution and water. After drying in vacuo, the violet solid 
was added in an ice-water cooled mixture of acetic acid (24 mL), water (10 mL) and 
concentrated HCl (3 mL), and then a solution of NaNO2 in water (4 mL) was added dropwise. 
The reaction mixture was stirred for 30 min and then chilled solution of H3PO2 50% (25 mL) 
was added at 0 °C. After being stirred overnight at 0 °C, the reaction mixture was extracted 
with ethyl acetate. After drying over MgSO4 and removal of the solvent, the crude product 
was purified by column chromatography on silica, (eluent: hexane/dichloromethane 9.5:0.5) 
to give a white solid, yield: 0.70 g (28 %). 
1
H NMR (400 MHz, C2D2Cl4) δ: 7.67 (t, J = 1.64 
Hz, 4H), 7.18 (d, J = 1.66 Hz, 8H); 
13
C NMR (151 MHz, C2D2Cl4) δ: 146.84, 133.48, 131.79, 
123.20, 63.32.; MS (FD) 950.5 [951.6] (M
+
). 
3.4.1.9. Synthesis of tetra[3,5-di(carbazol-9-yl)phenyl]methane (TPOcCz) 
To a 100 mL two-necked round flask, tetra(3,5-dibromophenyl)methane (0.45 g, 0.473 
mmol), 9H-carbazole (0.759 g, 4.54 mmol), copper(I) iodide (0.865 g, 4.54 mmol), potassium 
carbonate (1.569 g, 11.35 mmol) and 2,2'-bipyridine (0.071 g, 0.456 mmol) in o-
dichlorobenzene (25 mL) were added under protective argon atmosphere and exclusion of 
light and were stirred at 180 °C during 3 days. The hot reaction mixture was filtered over 
celite and washed with hot toluene. The crude product was purified by column 
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chromatography on silica, (eluent: hexane/chloroform 7:3). Precipitation into ethanol from a 
dichloromethane solution gives a white solid, yield: 0.22 g (29 %). 
1
H NMR (400 MHz, 
C2D2Cl4) δ: 8.30 (d, J = 1.3 Hz, 8H), 8.14 (d, J = 7.76 Hz, 16H), 7.98 (t, J = 1.3 Hz, 4H), 7.24 
(d, J = 8.30 Hz, 16H), 7.14 (t, J = 7.55 Hz, 16H), 6.33 (t, J = 7.69 Hz, 16H); 
13
C NMR (101 
MHz, C2D2Cl4) δ: 149.34, 140.01, 139.61, 139.47, 126.32, 125.54, 123.34, 120.84, 120.39, 






3.4.1.10. Synthesis of 9,9'-(5-bromo-1,3-phenylene)bis(carbazole) (7) 
To a 500 mL double-necked round flask, 1,3,5-tribromobenzene (10.00 g, 31.8 mmol), 9H-
carbazole (10.62 g, 63.5 mmol), copper(I) iodide (12.10 g, 63.5 mmol), potassium carbonate 
(26.3 g, 191 mmol) and 2,2'-bipyridine (1.191 g, 7.62 mmol) in o-dichlorobenzene (250 ml) 
were added under protective argon atmosphere and exclusion of light and were stirred at 180 
°C for 2 days. The hot reaction mixture was filtered over celite and washed with hot toluene. 
The residue was purified by silica gel column chromatography (eluent: 
hexane/dichloromethane 9:1). Recrystallization from ethanol/chloroform mixture gives white 
crystals, yield: 5.20 g (34 %) 
1
H NMR (400 MHz, C2D2Cl4) δ: 8.18 (d, J = 7.69 Hz, 4H), 8.09 
(d, J = 1.83 Hz, 2H), 7.85 (t, J = 1.81, 1H), 7.59 (d, J = 8.20 Hz, 4H), 7.53-7.47 (m, 4H), 
7.40-7.34 (m, 4H); 
13
C NMR (101 MHz, C2D2Cl4) δ: 140.05, 139.96, 134.27, 126.36, 124.32, 
123.45, 120.72, 120.45, 109.54, 95.16; MS (APLI) 488.064 [488.073] (M
+
). 
3.4.1.11. Synthesis of tetra[3,5-di(carbazol-9-yl)phenyl]silane (TPOcCzSi) 
2.48 M n-BuLi in hexane (1.86 mL) was added dropwise to a solution of 9,9'-(5-bromo-1,3-
phenylene)bis(carbazole) (2.5 g, 5.13 mmol) in dry THF (30 ml) at -78°C. After stirring for 1 
h, tetrachlorosilane (0.174 g, 1.03 mmol) was added dropwise to the mixture. The mixture 
was then allowed to warm up to r.t. and stirred overnight. After that, a saturated, aqueous 
NH4Cl solution was added for stopping the reaction and the mixture was extracted with DCM. 
The combined organic solution was washed with water and dried over anhydrous Na2SO4. 
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The crude product was purified by column chromatography on silica, (eluent: 
hexane/chloroform 7:3). Precipitation into ethanol from a dichloromethane solution gives a 
white solid, yield: 0.34 g (20 %). 
1
H NMR (400 MHz, C2D2Cl4) δ: 8.24 (d, J = 1.88 Hz, 8H), 
8.13 (d, J = 7.65 Hz, 16H), 7.96 (t, J = 1.75, 1H), 7.27-7.20 (m, 32H), 6.99-6.91 (m, 16H); 
13
C 
NMR (101 MHz, C2D2Cl4) δ: 140.06, 139.88, 135.41, 132.62, 127.72, 126.29, 123.29, 
120.59, 120.35, 109.09; MS (APLI) 1657.649 [1657.599] (M
+
). 
3.4.1.12. Synthesis of bulk polymers by oxidative coupling with FeCl3 
All monomers were chemically polymerized using the same methodology, here exemplarily 
described for the TPOcCz monomer: tetra[3,5-di(carbazol-9-yl)phenyl]methane (200 mg, 
0.122 mmol) was dissolved in anhydrous chloroform (25 mL) and transferred dropwise to a 
250 mL round flask which contains a suspension of iron(III)chloride (435 mg, 2.68 mmol) in 
anhydrous chloroform (25 mL). The resulting mixture was stirred at room temperature for one 
day under argon atmosphere. After addition of methanol (100 mL), the mixture was stirred for 
one more hour. The resulting precipitate was collected by filtration and washed with 
methanol. The powder was treated with aqueous hydrochloric acid (37 %) for 2 h, filtered off 
and washed with water and methanol. After Soxhlet extraction with methanol and THF for 24 
h, the product was treated with ethanol (p.a.) for three days and finally washed with 
supercritical carbon dioxide. PTPOcCz was isolated as yellow powder, yield: 170 mg (85 %), 
PTPTCz as slightly yellow powder (95 %), PTPTCzSi as slightly yellow powder (87 %), and 
PTPOcCzSi as yellow powder (91 %). 
 
3.4.2. Electrochemical Studies 
Acetonitrile and dichloromethane (HPLC grade) were refluxed over calcium hydride and 
phosphorus pentoxide, respectively, for 3 h and distilled. Tetrabutylammonium perchlorate 
(TBAP, for electrochemical analysis, ≥ 99.0 %), phosphate buffered saline (PBS, pH 7.4), 
nitrobenzene (NB, analytical standard), 1,3-dinitrobenzene (DNB, analytical standard) and 
2,4,6-trinitrophenol (TNP, ≥ 98%, moistened with water) were purchased from Sigma-
Aldrich. 1,3,5-Trinitrobenzene (TNB, neat) was purchased from Supelco. Potassium chloride 
(KCl, ≥ 99.5 %, ACS) was purchased from Roth. Indium tin oxide-coated transparent 
electrodes on glass (ITO, ≤ 20 Ohm m−2) were purchased from pgo. For electrochemical 
polymerization and characterization, an electrochemical workstation PAR VersaSTAT 4 was 
connected to a QCM922A oscillator (for EQCM experiments) and used in combination to a 
three-electrode cell. The AFM images were obtained with an atomic force microscope Bruker 
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diInnova operated in tapping mode. The average surface roughness and thickness of the films 
were extracted from the topography images. 
3.4.2.1. Electrochemical polymerization and characterization on Pt disc and 
Pt/quartz crystal electrodes 
10 mL of 0.1 mM solutions of the monomers were prepared in acetonitrile/dichloromethane 
(1:4) using 0.1 M TBAP as supporting electrolyte. The solutions were placed in a three-
electrode cell under argon atmosphere at 25 °C. A platinum disc electrode (Pt, 1 mm 
diameter) or platinum sputtered quartz crystal electrode (5 mm diameter; nominal frequency 
9.00 MHz ± 30 kHz) was used as working electrode (WE); a platinum wire was used as 
counter electrode (CE). Ag°/AgNO3 (0.1 M AgNO3, 0.60 V vs NHE) was used as reference 
electrode (RE). Multiple cyclic voltammograms were repeatedly recorded in a potential range 
0 – 1.1 V with a scan rate of 0.1 Vs−1. The resulting deposits on Pt were placed as WE in 0.1 
M solutions of TBAP in acetonitrile. Multiple cyclic voltammograms at different scan rates 
from 0.005 to 0.20 Vs
−1
 were recorded in the potential range 0 – 1.1 V. 
3.4.2.2. Electrochemical polymerization on ITO electrodes for porosity 
measurements and morphological characterization 
10 mL of the monomers solutions were placed in a three-electrode cell. ITO (~ 1.5x1.2 cm 
deposit area) on glass and a platinum gauze (2.5x1.2 cm area), separated by 1 cm, were used 
as WE and CE, respectively; Ag°/AgNO3 as RE. For krypton gas sorption measurements, 
thick films were produced by applying an oxidative potential of 1.0 V (TPTCz and TPTCzSi) 
or 1.1 V (TPOcCz and TPTOcCzSi) for 20 min. A potential of -1.0 V was applied after the 
electropolymerization for 60 s in order to dedoped the deposits. After rinsing the deposits 
with acetonitrile and dichloromethane, they were dried for 20 min at 100 °C. The collection of 
ca. 2 mg of material was necessary for reliable BET measurements. For morphological 
characterization, MPN films on ITO were prepared by applying ten cyclic voltammograms in 
the potential range of -1.0 V to 1.0 V (tetracarbazolyl monomers) or -1.0 V to 1.1 V 
(octacarbazolyl monomers) at scan rate of 0.01 Vs–
1
. After rinsing the films with acetonitrile 
and dichloromethane, they were dried for 20 min at 100 °C. 
3.4.2.3. Electrochemical polymerization on glassy carbon (GC) electrodes and 
electrochemical sensing of TNB 
10 mL of a 0.1 mM solution of the monomers were placed in a three-electrode cell under 
argon atmosphere at 25 °C. A glassy carbon disc electrode (GC, 1 mm diameter) was used as 
working electrode (WE); a platinum wire as counter electrode (CE); and Ag°/AgNO3 as 
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reference electrode (RE). Potentiostatic polymerization of the monomers was achieved by 
applying a potential of polymerization of 1.1 V until oxidative charge accumulation of 0.20 
mC. A potential of -1.0 V was applied after polymerization during 60 s in order to discharge 
the deposits. After rinsing the deposits with acetonitrile and dichloromethane, the MPN-
modified GC electrodes were used as WE in 10 mL solution of aqueous 0.2 M KCl and 0.1 M 
PBS under argon atmosphere at 25 °C. A platinum wire and Ag°/AgCl(sat.) (NaCl 3M, 0.21 
V vs NHE) were used as CE and RE, respectively. After 5 min of stirring, a prepotential of 0 
V was applied for 30 s. Linear scan voltammograms were recorded from 0 to −1 V with a 
scan rate of 0.01 Vs
−1
. For detection of nitroaromatic compounds, aliquots from 100 M stock 
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Electrogenerated MPNs from Tetrathiophene-based Monomers
1
 
Four thiophene-based monomers were synthesized by Stille- or Suzuki-type couplings 
followed by chemical or electrochemical polymerization into microporous polymer networks 





were determined for tetraphenylmethane-cored bulk MPN powders and thin films, 
respectively. Electrochemical polymerization in boron trifluoride diethyletherate/dichloro-
methane mixtures allowed for the generation of MPN films with optimized porosity. 
Moreover, an interesting effect of boron trifluoride on the connectivity of the monomeric units 
during electropolymerization was observed for 3-thienyl-based monomers. Finally, the 
electrochemical reduction of 1,3,5-trinitrobenzene at MPN-modified glassy carbon (GC) 
electrodes showed increased cathodic responses compared to nonmodified GC electrodes due 
to interaction between electron-deficient nitroaromatic analyte and electron-rich MPN film. 
The influence of the specific surface area of MPNs on the electrochemical response was also 
studied for this class of materials.   
4.1. Introduction 
Microporous polymer networks (MPNs) have attracted enormous attention in the materials 
science community due to their promising properties: high surface area, well-distributed 
porosity, chemical and thermal resistance, possible incorporation of various functional groups, 









 Up to now, the 




) was reported by Zhou and 
co-workers
19
 for a network composed of interconnected tetraphenylsilane cores. However, 




 is still a challenge.
20
 Thiophene-based 
MPNs are especially interesting due to their possible applications in electronic devices and for 
gas storage. Yu and co-workers
21





 and H2 uptake of 3.6 %wt at 77 K. Thomas and co-workers
22
 synthesized 




. Nevertheless, these materials have been 
obtained as insoluble powders. Processing MPNs into thin films or layers is a major challenge 
towards many practical applications. A way to overcome the processing problems is an 
electrochemical polymerization of multifunctional monomers on a suited substrate. Until now, 
 Chapter 4  
68 
 
mostly carbazole-based monomers have been electropolymerized due to their low oxidation 
potential. Ma and co-workers reported carbazole-based MPNs for use as charge 






 Jiang and 




(determined by Kr adsorption/desorption) for application in sensors
26,27
 or for the creation of 
energy transfer cascades.
28
 In Chapter 2 and 3,
29,30
 a direct relation between the number of 
carbazole moieties in the monomer and the obtained SBET of electrogenerated MPN films was 
described, as well as the use of the MPN films as electrochemical sensors for nitroaromatic 
analytes. On the other hand, the electrochemical polymerization of multifunctional thiophene 
monomers was first reported by Roncali and co-workers.
31
 The obtained 3D structures can 
show an increased electrical conductivity as demonstrated by Müllen and Heinze
32
 comparing 
3D networks with weakly interacting aggregates of isolated terthiophene-substituted 
phenylene dendrimers. Thomas and co-workers
33
 synthesized dithienothiophene-based 
microporous polymer films with interesting electrochromic properties by 
electropolymerization. In the electropolymerization of thiophene-based monomers, it has been 
shown that the necessary polymerization potential can be strongly reduced by adding boron 
trifluoride diethyletherate (BFEE) due to interactions between thiophene rings and boron 
trifluoride.
34-37
 Moreover, the mechanical and electrical properties of the resulting films were 
improved by using BFEE as additive.  
In this Chapter, four tetrathienyl-substituted rigid monomers were synthesized in Stille- or 
Suzuki-type coupling reactions. Microporous polymer networks were obtained as powders by 
oxidative polymerization of the monomers with iron(III) chloride showing specific surface 




 from nitrogen gas sorption measurements. Optical and 
thermal properties as well as the gas sorption behavior are provided for these bulk MPNs. 
Corresponding, electrochemically generated MPN films were produced in boron trifluoride 




(calculated from krypton gas adsorption/desorption). The MPN films produced in presence of 
boron trifluoride exhibit higher specific surface areas and a more defined electrochemical 
behavior if compared to the corresponding networks made in absence of boron trifluoride 
probably due to the exclusive formation of bithiophene connections. The thin films of the 
MPNs show a rather low surface roughness of only 3 nm – 5 nm for film thicknesses of 30 
nm – 50 nm. Electrochemical reduction of 1,3,5-trinitrobenzene at glassy carbon electrodes 
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modified with the thiophene-based MPNs clearly indicates a direct relationship between 
specific surface area and current response via an adsorption-controlled interaction of the 
electron-poor nitroaromatic compound and the electron-rich thiophene-based MPN. 
4.2. Results and Discussions 
4.2.1. Synthesis of the Series of Monomers 
Synthesis of tetrasubstituted thiophene-based monomers was carried out following literature 
procedures (see Experimental Section for details). Scheme 1 shows the chemical structures of 
the series of thiophene-based monomers studied. 2,2’,7,7’-tetra(thien-2-yl)-9,9’-
spirobifluorene (SpTh) and tetra[4-(thien-2-yl)phenyl]methane (TPTTh) were obtained by 
Stille-type coupling between 2,2',7,7'-tetrabromo-9,9'-spirobifluorene or tetra(4-
bromophenyl)methane with tributyl(thien-2-yl)stannane. The corresponding 2,2’,7,7’-
tetra(thien-3-yl)-9,9’-spirobifluorene (Sp3Th) and tetra[4-(thien-3-yl)phenyl]methane 
(TPT3Th) monomers were synthesized  by Suzuki-type coupling with thien-3-yl boronic acid.  
 
4.2.2. Characterization of Chemically Synthesized Bulk Polymers 
Oxidative chemical polymerization of the four monomers was carried out with iron(III) 
chloride in chloroform at room temperature to produce microporous polymers networks 
(MPNs) in high yields. Thermogravimetric analysis of all MPNs shows good stability up to 




H} cross-polarization magic-angle 
spinning (CPMAS) spectra of the MPNs are depicted in Figure 2. All spectra well agree with 
the proposed chemical structures (insets). Peaks at ca. 65 ppm are attributed to the 







Scheme 1. Chemical structures of the investigated thiophene-based monomers. 
SpTh Sp3Th 
TPTTh TPT3Th 







Figure 1. TGA plots of the bulk MPNs (made by FeCl3 oxidation): PSpTh (a), PSp3Th (b), 
PTPTTh (c) and PTPT3Th (d). 
 
zene and thiophene carbons, while signals at low field from 135 to 155 nm reflect 
nonprotonated aromatic carbons. UV-vis (diffuse reflection) and photoluminescence (PL) 
spectra are shown in Figure 3. The bulk polymers show broad PL bands with peak maxima at 














H} CPMAS NMR spectra of bulk polymers. 
The specific surface area of porous materials is usually determined by applying the Brunauer-
Emmett-Teller (BET) equation to gas sorption isotherms at different temperatures.
38-40
 Figure 
4 shows nitrogen adsorption/desorption isotherms for all bulk polymers. A combination of 
type I and II isotherms, according to the IUPAC,
41
 is observed for the MPNs as typical 
signature of microporous materials. Fast increase of volume of sorbate at relatively high 
pressure (> 0.9) is assigned to interparticular porosity (meso- and macropores).
42
 The specific 
surface areas were calculated by the BET equation (SBET) and are listed in Table 1. A 




, to the best of our knowledge the highest for thiophene-
based MPNs, was obtained for PTPTTh which might be related to the presence of a largely 
continuous porous network. The latter assumption is supported by comparing SBET values of 
the two MPNs made from 2-thienyl-substituted monomers that can only form bithiophene 
bridges in the oxidative coupling (SpTh and TPTTh in Scheme 1), with the values for the two 
MPNs made from 3-thienyl-substituted monomers that are able to form multiple linkages in 
2- and 5-positions of the thiophene rings (Sp3Th and TPT3Th in Scheme 1). For both core  
 
  
Figure 3. UV-vis (diffuse reflection mode) (a) and PL (b) spectra of the bulk polymers. 





















































Figure 4. Nitrogen gas sorption isotherms of chemically synthesized MPN bulk polymers 
(oxidation with FeCl3). 
 


















) made from 3-thienyl-substituted monomers. The effect is much 
more pronounced for tetraphenylmethane-cored MPNs (PTPTTh and PTPT3Th); their 
specific surface areas are generally higher as those of the corresponding spirobifluorene-cored 
MPNs (PSpTh and PSp3Th). The tetraphenylmethane-cored MPNs are characterized by a 
high structural symmetry, which may cause a more regular porosity and increased specific 
surface area of the MPNs.  
 
MPNs possessing high specific surface areas might find applications in gas storage and 





 (see Table 1). Generally, higher gas uptakes for H2, N2, CH4 and CO2 are obtained for 
the tetraphenylmethane-cored MPNs. This difference can be partially related to different pore 
sizes of the materials which have been calculated from a non-local density functional theory 
(NLDFT) model resulting in pore diameters of ca. 1.43 nm for the tetraphenylmethane-cored 
MPNs and reduced pore diameters of ca. 0.40 nm for the spirobifluorene-cored MPNs. The 
selectivities of gas adsorption by applying Henry’s law for CO2/N2 and CO2/CH4 at 298 K 
were 12.1 and 2.8 (SpTh), 11.5 and 2.6 (Sp3Th), 6.6 and 2.4 (PTPTTh), and 10.5 and 2.6 


































Figure 5. Gas adsorption isotherms for the bulk polymers: PSpTh (a), PSp3Th (b), PTPTTh 
(c) and PTPT3Th (d). 
 
4.2.3. Electrochemical Characterization of the Monomers and Polymers at Pt Disc 
Electrodes 
Electrochemical, oxidative polymerization is a proper technique for producing uniform thin 
films of MPNs on various electrodes in monomer/electrolyte mixtures.
43,44
 Several advantages 
over chemical polymerization exist, among others, a metal- and catalyst-free reaction, short 
reaction times, simultaneous film formation and deposition, simple doping and dedoping, and 
the possibility of in-situ characterization. Electrochemical polymerization of mostly 
bifunctional thiophene monomers into linear polymers has been extensively reported in 
relation to potential applications in the field of organic electronics (especially electrochromic 
devices).
45-48
 Only a few examples for the electrosynthesis of three-dimensional, conjugated 
polymer networks have been described, e.g. based on twisted bithiophene monomers with 
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Gas uptake [%] Selectivity
c
  
CO2 N2 CH4 H2
b
 CO2/N2 CO2/CH4 
PSpTh 1153 0.90 7.19 0.38 0.92 1.38 12.1 2.8 
PSp3Th 1102 0.85 6.88 0.38 0.95 1.37 11.5 2.6 
PTPTh 2020 1.22 7.61 0.73 1.15 1.81 6.6 2.4 
PTPT3Th 1390 0.82 7.88 0.48 1.10 1.67 10.5 2.6 
a
 Determined at P/P0 = 0.95; 
b
 Measured at 77 K; 
c
 Calculated by applying Henry’s law16,52 
 
Herein, diluted solutions (0.1 mM) of the four thiophene-based monomers containing 
tetrabutylammonium tetrafluoroborate (TBABF4) in either pure dichloromethane (DCM) or in 
a mixture of BFEE/DCM (1:4) were first potentiodynamically electropolymerized at platinum 
disc electrodes. Figure 6 shows the first anodic scan voltammograms for the 
electropolymerization of the monomers in DCM and BFEE/DCM (1:4). Two important issues 
should be mentioned: first, the onsets of the oxidation potential waves for the spirobifluorene-
cored monomers are lower than the ones for the tetraphenylmethane-cored monomers (see 
Table 2). A more extended -conjugated system in the spirobifluorene-cored monomers 
should cause the decreased oxidation potential. Second, the onset of the oxidation potential 
waves for all monomers is decreased by addition of BFEE (see Table 2). This phenomenon 
has been partially explained by a reduced aromaticity of thiophene rings in the presence of a 
Lewis acid.
36
 Hereby, an interaction between the lone pair of the sulfur atom and boron tri- 
 
 
Figure 6. First anodic scan voltammograms for 0.1 mM solutions of the monomers and 0.1 M 
TBABF4 in DCM (dashed lines) and BFEE/DCM (1:4) (solid lines) at Pt disc electrodes, the 
voltammograms were recorded from 0 V to 1.4 V with a scan rate of 0.10 Vs
−1
. 














E / V vs. Ag°/AgNO
3
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Table 2. Onset potential for electrochemical polymerization of thiophene-based monomers in 
dichloromethane and BFEE/DCM (1:4) solutions. 
Monomer 
Eonset [V] vs Ag°/AgNO3 
E [mV] 
DCM BFEE/DCM 
SpTh 0.99 0.96 30 
Sp3Th 1.04 0.98 60 
TPTTh 1.16 1.11 50 
TPT3Th 1.23 1.20 30 
 
fluoride leads to this decreased aromaticity, thus causing the diminished oxidation potential. 
Cyclic voltammograms for electropolymerization of the monomer solutions in DCM and 
BFEE/DCM (1:4) at Pt disc electrodes are shown in Figure 7. Repeated scans allowed the 
consecutive deposition of MPN films on the electrode under observation of progressively 
increasing anodic and cathodic currents.
53
 For SpTh and TPTTh monomers, a quite reversible 




Figure 7. Twenty consecutive cyclic voltammograms at Pt disc electrodes for 0.1 mM SpTh 
(a), Sp3Th (b), TPTTh (c); potential range: 0 V to 1.2 V, and TPT3Th (d); potential range: 0 
V to 1.3 V, and 0.1 M TBABF4 in BFEE/DCM (1:4) mixtures. The scan rate was 0.10 Vs
−1
. 
The insets show twenty consecutive cyclic voltammograms for the corresponding monomers 
in DCM solutions. 
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between 0.6 V and 1.1 V. The observed redox response is assigned to the formation of 2,2’-
bithiophene bridges (see Scheme 2a). When comparing the voltammograms of 
electropolymerization with and without boron trifluoride for the 3-thienyl-substituted 
monomers (Sp3Th and TPT3Th), the occurrence of an additional redox peak at lower 
oxidation potential between 0.2 V and 0.6 V is observed for the polymerization of monomer 
solutions in DCM (without BFEE) that can be ascribed to the formation of branched 
oligothiophene connections via linking 2- and 5-positions of the 3-thienyl substituents (see 
Scheme 2b).
43
 In contrast, cyclic voltammograms for electropolymerization of the same 
monomers in presence of boron trifluoride showed a complete disappearance of these peaks. 
The observed behavior may indicate that the coupling reaction is limited, in presence of boron 
trifluoride, to a dimerization of 3-thienyl substituents as a result of an interaction between 
Lewis acid and thiophene rings (see Scheme 2c). Cyclic voltammograms for the resulting 
MPN deposits on Pt disc electrodes in monomer-free DCM solutions are shown in Figure 8 at 




. A linear relationship between peak current 
and scan rate was observed for all deposits, a characteristic behavior of electroactive materials 
deposited on an electrode where the current is not diffusion-controlled.
54





Scheme 2. Idealized chemical structures of PSpTh (a), PSp3Th prepared in DCM (b), and 
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Figure 8.  Cyclic voltammograms for PSpTh (a), PSp3Th (b), PTPTTh (c) and PTPT3Th (d) 
on Pt disc electrodes within the potential range of 0 V – 1 V at various scan rates from 0.005 
to 0.20 Vs
−1
, in monomer-free DCM containing 0.1 M TBABF4. The films were prepared in 
BFEE/DCM (1:4) as described in the caption of Figure 7. The insets show the corresponding 
peak current vs scan rate plots. 
 
4.2.4. Porosity, Optical and Morphological Characterization of Electrogenerated 
MPN Films 
Potentiostatic electrochemical polymerization of 0.5 mM monomer solution in DCM with or 
without BFEE for twenty minute yielded thick, free-standing films which were collected in 
their dedoped state for the determination of the specific surface area by adsorption/desorption 
experiments. Around 2 mg of the materials were required for a reliable determination in 
krypton sorption experiments at 77 K. Krypton gas has a low saturation pressure of 2.5 torr at 
77 K which is essential for a precise characterization of only small amounts of porous 
materials.
26
 Figure 9 shows the adsorption isotherms in the P/P0 range 0 – 0.6 using Kr gas at 
77 K for all of the thiophene-based MPNs. Similar shapes of the isotherms were observed for 
all films, regardless the polymerization conditions (with or without BFEE). Alike their 
chemically synthesized counterparts, at low relative pressure (0 – 0.1) a quick uptake of 
sorbate gas (N2 or Kr) was observed which is an indication of permanent microporous mate- 
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Figure 9. Kr gas adsorption isotherms of electropolymerized MPN films prepared in DCM (a) 




 Concerning the SBET values determined by applying the BET equation, higher values 
were obtained for MPN deposits produced in the presence of boron trifluoride (see Table 3). 




, respectively, were obtained for 
deposits produced in absence of boron trifluoride. These values are much lower compared to 









). The reduced microporosity could be possibly explained by an incomplete 
crosslinking of thienyl groups or an overoxidation of the materials at the applied potential of 
1.2 V. The addition of BFEE to the polymerization solution led to a significantly increased 




 for PSpTh and PTPTTh, respectively. 
This means, that the addition of boron trifluoride not only decreases the necessary oxidation 
potential for polymerization but allows for the formation of deposits with increased 
microporosity. Hereby, BF3-derived anionic species may act as stabilizing counterions during 
 
Table 3. Calculated BET surface areas of electropolymerized MPN films, prepared in DCM 
and BFEE/DCM (1:4), by using Kr gas sorption. All SBET film measurements were carried 

















[eV] DCM BFEE/DCM 
PSpTh 815 1240 -2.72 -5.61 -2.89 
PSp3Th 1099 1576 -2.74 -5.43 -2.69 
PTPTTh 1258 2135 -2.89 -5.72 -2.83 
PTPT3Th 927 1114 -2.73 -5.65 -2.92 
a
 Determined from the onset of the absorption band; 
b
 Taken from the onset of the oxidation 
wave in monomer-free solution at 0.10 Vs
1
 (see Figure 8); 
c
 Calculated from the HOMO 
level by subtracting optical band gap. 























































 was obtained for PSp3Th 
films produced in presence of boron trifluoride. In this case, the obtained specific surface area 





), possibly related to the preferred formation of bithiophene bridges during the 
electropolymerization in the presence of boron trifluoride (see Scheme 2). However, this 




 for the 
electrosynthesized film produced in presence of boron trifluoride was slightly lower than that 




), possibly related to the high oxidation 
potential of 1.3 V that is required in this case (see Figure 7).  
 
FTIR spectra of monomers, bulk polymers and MPN films are shown in Figure 10. For the 2-
thienyl-based monomers SpTh and TPTTh, peaks at 690 and 699 cm
1
, respectively, were 
attributed to out-of-plane CH bending vibrations of mono-substituted thiophene rings.
57
 
Disappearance of these signals and the occurrence of new bands at 792 and 814 cm
1 
for 
PSpTh and 796 and 815 cm
1 
for PTPTTh reflect the formation of 2,5’-disubstituted 
bithiophene bridges in the microporous bulk materials or films.
21
  Accordingly, the polymers 
made from 3-thienyl-subtituted monomers showed the disappearance of characteristic peaks 
for the corresponding monomers at 774 cm
1




 and the 
occurrence of a new peak at about 817 cm
1
 (PSp3Th) and 816 cm
1 
(PTPT3Th) for 2,3,5-
trisubstituted thiophene rings for the bulk polymers and MPN films produced in pure DCM. 
As expected, MPN films produced in the presence of boron trifluoride exhibited FTIR spectra 
quite similar to those of the corresponding counterparts made from 2-thienyl-substituted 
monomers. Here, the presence of two bands at 801 and 818 cm
1
 for PSp3Th, and 800 and 
814 cm
1
 for PTPT3Th, may indicate the restriction of electropolymerization to the formation 
of bithiophene linkers. The broad band between 1000 and 1150 cm
1
 may be related to the 
presence of some remaining BF3-based counteranionic species as impurities of the MPN 
films.
59
 Further characterization experiments of MPN films were carried out with the 
materials produced in the presence of boron trifluoride. Absorption and PL spectra for the 
thiophene-based monomers in chloroform and the corresponding MPN thin films produced by 
potentiodynamic electropolymerization in the presence of boron trifluoride are shown in 
Figure 11. Red shifted long wavelength * transition bands for the MPN films if compared 
to the corresponding monomers indicate the presence of more extended -conjugated seg- 
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Figure 10. FT-IR spectra of monomers SpTh (a), Sp3Th (b), TPTTh (c) and TPT3Th (d) 
(black lines); the resulting bulk polymers (red lines); the resulting MPN films prepared by 
electropolymerization in pure DCM (green lines); and the resulting MPN films prepared by 
electropolymerization in BFEE/DCM (1:4) (blue lines).  
 
ments in the polymer networks. As the bulk polymers, MPN films on ITO are 
photoluminescent and might be interesting for applications in chemical sensors.
60,61
 The 
surface microstructure of the thiophene-based MPN thin films was studied by tapping mode 
AFM. The films were prepared from a 0.1 mM solution of the monomers in BFEE/DCM (1:4) 
using 0.1 M TBAP as supporting electrolyte. Ten consecutive cyclic voltammograms in the 
potential range from 0 V to 1.2 V (SpTh, Sp3Th, TPTTh) or 1.3 V (TPT3Th) were applied 
with a scan rate of 0.1 Vs
1
. A very smooth surface topology was observed for all MPN thin 
films (see Figure 12) with average surface roughness (Rq) and thickness of 2.5 nm/50.3 nm 
for PSpTh, 3.6 nm/51.6 nm for PSp3Th, 3.5 nm/44.4 nm for PTPTTh, and 5.3 nm/32.8 nm for 
PTPT3Th, respectively. Such morphological properties are beneficial for a possible 
application in organic electronics (e.g. OLED, OFET, OPV) where the availability of high 
quality, uniform and smooth films is often required. 
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Figure 11. Absorption (black lines) and photoluminescence (red lines) spectra of monomers 
SpTh (a), Sp3Th (b), TPTTh (c) and TPT3Th (d) in chloroform (dashed lines) and the 




Figure 12. Tapping mode AFM images of MPN thin films on ITO of PSpTh (a), PSp3Th (b), 
PTPTTh (c) and PTPT3Th (d). 
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4.2.5. Electrochemical Reduction of 1,3,5-Trinitrobenzene at PTPTTh-Modified 
Glassy Carbon Electrodes 
In Chapter 2,
29
 a nice correlation between the current response in the electrochemical 
reduction of a “prototypical” nitroaromatic analyte, 1,3,5-trinitrobenzene (TNB), and the 
specific surface area of glassy carbon (GC) electrodes modified with carbazole-based MPN 
coatings was found. Following this line, PTPTTh-modified GC electrodes were also produced 
by applying a potential of 1.2 V until a polymerization charge of 0.2 mC was accumulated, 
both in DCM and BFEE/DCM. These modified electrodes were used as working electrode in 
the reductive electrochemical detection of TNB in aqueous 0.2 M KCl/0.1 M phosphate buffer 
solution (pH 7.4). Figure 13 shows linear scan voltammograms (LSV) in response to 0.5 µM 
TNB, after background correction, for non- and PTPTTh-modified GC GC electrodes. Three 
cathodic peaks are observed for reduction of the three nitro groups of TNB to hydroxylamine 
groups.
62
 Peaks at about -0.31 V (I), -0.47 V (II) and -0.65 V (III) were observed in 
accordance with literature results.
63
 A much increased current response was observed for 
PTPTTh-modified GC electrodes if compared to the bare, nonmodified GC electrode. This 
phenomenon is most probably driven by strong interactions at the surface of the microporous 
materials with their high specific surface area. Such behavior has been related to the 
formation of charge-transfer complexes (Jack-Meisenheimer complexes) between electron-
rich (e.g. amines, carbazoles, thiophenes) and electron-poor structural units (e.g. nitroaromatic 
analytes) by decreasing the interfacial charge-transfer resistance.
64
 The influence of the surfa- 
 
 
Figure 13. Linear scan voltammograms for the reduction of 0.5 M TNB in aqueous 0.2 M 
KCl and 0.1 M PBS solution at nonmodified, and PTPTTh-modified GC electrodes prepared 
in DCM and BFEE/DCM (1:4) solutions for an accumulated oxidation charge of 0.20 mC 
during electropolymerization. LSVs were obtained with a scan rate of 0.01 Vs
1
. 
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Figure 14. Linear scan voltammograms for the reduction of 0.5 M TNB in aqueous 0.2 M 
KCl and 0.1 M PBS solution at PTPTTh-modified GC electrodes prepared in BFEE/DCM 
(1:4) solution for accumulated oxidation charges from 0.01 mC to 0.50 mC during 
electropolymerization in BFEE/DCM (1:4) solution (a), and plot of TNB reduction peaks 
current versus accumulated oxidation charge during electropolymerization (b). LSVs were 




ce area is clearly demonstrated by comparing the TNB reduction response of two PTPTTh-
modified GC electrodes, whereby the electrode coating are made with and without BFEE as 
additive. The charge ratio in the reduction of TNB of 1.5 corresponds nicely to the SBET ratio 
of 1.7 for the two materials (see Table 3). Linear scan voltammograms of the reduction of 0.5 
µM aqueous TNB solution depicted in Figure 14a for different thicknesses of the PTPTTh 
deposits on GC electrodes (produced in presence of boron trifluoride by varying the 
accumulative oxidation charge during polymerization). Similar three reduction peaks were 
observed with slight negative shifts of the potential for increasing thickness. A plot of 
reduction current response versus the accumulated charge during fabrication of the PTPTTh 
films (as an indirect measure of the film thickness) demonstrates a linear relationship and 
support the assumption of a strong interaction of the nitroaromatic analytes with the surface of 
the microporous deposits (see Figure 14b).        
 
Finally, the detection range in the electrochemical reduction of TNB in aqueous solutions was 
tested as an orienting experiment for different TNB concentrations (0.5 M – 3.0 M) at 
PTPTTh-modified GC electrodes (see Figure 15a). For a nonmodified GC electrode, a linear 
relation between current response and concentration is observed in the studied concentration 
range indicating that the process is diffusion-controlled. For the PTPTTh-modified GC 
electrodes, the current response shows a turning saturation point for a concentration of ca. 1.5 
M TNB (see Figure 15b). This phenomenon may be related to an adsorption-controlled pro- 
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Figure 15. Linear scan voltammograms and reduction peaks current vs TNB concentration 
plots for the reduction of 0 M – 3 M TNB in aqueous 0.2 M KCl and 0.1 M PBS solutions 
at  PTPTTh-modified (a, b) and nonmodified (c, d) GC electrodes, respectively, with a scan 




cess at low scan rate applied of 0.01 Vs
1






To sum up, a series of tetrafunctional thiophene-based monomers was chemically and 
electrochemically polymerized resulting in microporous polymer networks with high specific 








 for thin films. 
All materials showed a good thermal stability and were PL-active. Electrochemical 
polymerization in boron trifluoride diethyletherate/dichloromethane mixtures generally 
produced MPN films with higher surface area and a more defined electrochemical behavior if 
compared to the ones made in pure DCM. Different coupling patterns have been observed for 
3-thienyl-substituted monomers in the presence or absence of boron trifluoride as additive: In 
the presence of BFEE the preferred formation of bithiophene bridges was observed, thus 
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enhancing the microporosity of the materials. Favorably, thin MPN films were characterized 
by a pretty smooth morphology with a low average surface roughness < 5.3 nm.  The aqueous 
electrochemical reduction of TNB at nonmodified and PTPTTh-modified GC electrodes 
showed a much increased cathodic current response for the modified electrodes, most 
probably driven by interactions of electron-poor nitroaromatic analyte molecules and the 
electron-rich thiophene-based MPN films with their high surface area.  
 
4.4. Experimental Section 
4.4.1. Monomers and Bulk Polymers 





C NMR spectra were obtained on a Bruker Avance III 600 machine. APLI 
mass spectra were recorded on a Bruker Daltronik micrOTOF system (KrF*-Laser ATLEX-
SI, ATL Wermelskirchen). Elemental analyses were obtained on a Perkin Elmer 240 B. 
Thermogravimetric analyses were recorded under argon flow on a Mettler Toledo TGA/DSC1 




H} cross-polarization magic-angle spinning (CPMAS) spectra 
were measured at 50.33 MHz using a Bruker AVANCE III 200 NMR spectrometer with a 
contact time of 2.5 ms, averaging 32768 transients at a relaxation delay of 2 s. All 
experiments were carried out at room temperature using a standard Bruker 2.5 mm double 
resonance MAS probe spinning at 20 kHz, typical π/2-pulse lengths of 2.5 μs and SPINAL64 
proton decoupling (200.15 MHz; 10/12 pulse set to 4.2 µs) at rather modest power levels of 
46.5 Watt (
13
C) and 19 Watt (
1
H), respectively. The 
13
C spectra were referenced with respect 
to tetramethylsilane (TMS) using solid adamantane as secondary standard (29.46 ppm for 
13
C). FT-IR and UV-vis spectra were recorded on a JASCO FT-IR-4200 and V-670, 
respectively. Photoluminescence spectra were obtained on a HORIBA Scientific FluoroMax-4 
Spectrofluorometer. A Tousimis Samdri-795 system was used for washing the bulk polymers 
with supercritical carbon dioxide. Nitrogen and krypton adsorption-desorption isotherms were 
recorded on a BEL Japan Inc Belsorp-max system at 77 K. A maximum relative pressure of 
0.6 was set for measurements with Kr gas. All samples were dried on a Belprep-vac II at 140 
°C and ~ 2 Pa overnight prior to the gas sorption measurements. 
 
4.4.1.1. Synthesis of 2,2’,7,7’-tetra(thien-2-yl)-9,9’-spirobifluorene (SpTh) 
2,2',7,7'-Tetrabromo-9,9'-spirobifluorene (1.00 g, 1.58 mmol) and tributyl(thien-2-yl)stannane 
(2.36 g, 6.33 mmol) were placed in a 20 mL microwave vial and carefully degassed. Dry 
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toluene (20 mL) and tetrakis(triphenylphosphine)palladium(0) (0.09 g, 0.08 mmol) were 
added as solvent and catalyst, respectively. The mixture was stirred under argon atmosphere 
and exclusion of light at 140 °C for 2 hours. After evaporation of the solvent, the crude 
product was purified by column chromatography on silica (eluent: hexane/dichloromethane 
7:3) and recrystallized from a chloroform/ethanol mixture. The product was isolated as yellow 
crystals, yield: 0.65 g (64 %). 
1
H NMR (600 MHz, C2D2Cl4) δ: 7.89 (d, J = 7.9 Hz, 4H), 7.68 
(dd, J = 8.0, 1.7 Hz, 4H), 7.20 (dd, J = 5.0, 1.1 Hz, 4H), 7.18 (dd, J = 3.7, 1.1 Hz, 4H), 7.01 
(d, J = 1.4 Hz, 4H), 6.97 (dd, J = 5.0, 3.7 Hz, 4H); 
13
C NMR (151 MHz, C2D2Cl4) δ: 149.16, 
143.84, 140.48, 133.96, 127.92, 125.96, 124.76, 123.34, 121.11, 120.54, 65.75; MS (APLI) 
644.046 [644.076] (M
+
). Elem. Anal. for C41H24S4, found: C 76.03, H 3.39, S 20.4; calc: C 
76.36, H 3.75, S 19.89. 
 4.4.1.2. Synthesis of 2,2’,7,7’-tetra(thioen-3-yl)-9,9’-spirobifluorene (Sp3Th) 
2,2',7,7'-Tetrabromo-9,9'-spirobifluorene (2.00 g, 3.16 mmol), thien-3-ylboronic acid (1.66 g, 
13.0 mmol), and sodium carbonate (3.00 g, 28.3 mmol) were placed in a 250 mL two-necked 
round flask and carefully degassed. Toluene (35 mL), n-butanol (20 mL) and water (15 mL) 
were added as degassed solvents. Tetrakis(triphenylphosphine)palladium (0) (0.18 g, 0.16 
mmol) in toluene (10 mL) was added and the mixture was stirred under argon atmosphere and 
exclusion of light under reflux for 24 hours. After cooling down the mixture to rt, chloroform 
(50 mL) was added and the resulting organic phase was washed 5 times with aqueous 2 N 
HCl. The collected organic phases were dried with MgSO4. After solvent evaporation, the 
crude product was purified by column chromatography on silica (eluent: 
hexane/dichloromethane 7:3) and recrystallized from chloroform. The product was isolated as 
white powder, yield: 1.19 g (58 %). 
1
H NMR (600 MHz, THF-d8) δ: 7.96 (d, J = 8.0 Hz, 4H), 
7.72 (dd, J = 8.0, 1.6 Hz, 4H), 7.46 (dd, J = 2.9, 1.4 Hz, 4H), 7.30 (dd, J = 5.1, 2.9 Hz, 4H), 
7.27 (dd, J = 5.1,1.3 Hz, 4H), 7.06 (d, J = 1.4 Hz, 4H); 
13
C NMR (151 MHz, THF-d8) δ: 
150.86, 142.89, 141.54, 136.79, 127.15, 127.01, 126.66, 122.49, 121.26, 79.48; MS (APLI) 
644.053 [644.076] (M
+
). Elem. Anal. for C41H24S4, found: C 76.01, H 3.50, S 20.07; calc: C 
76.36, H 3.75, S 19.89. 
4.4.1.3. Synthesis of tetra[4-(thien-2-yl)phenyl]methane (TPTTh) 
Tetra(4-bromophenyl)methane (1.00 g, 1.57 mmol) and tributyl(thien-2-yl)stannane (2.93 g, 
7.86 mmol) were placed in a 20 mL microwave vial and carefully degassed. Dry THF (10 
mL), toluene (10 mL) and tetrakis(triphenylphosphine)palladium (0) (0.18 g, 0.16 mmol) 
were added as solvents and catalyst, respectively. The mixture was stirred under argon 
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atmosphere and exclusion of light at 140 °C for 24 hours. After evaporation of the solvent, the 
crude product was purified by column chromatography on silica, (eluent: 
hexane/dichloromethane 8:2). The product was isolated as white powder, yield: 0.18 g (18 %). 
1
H NMR (600 MHz, C2D2Cl4) δ: 7.56 (d, J = 8.5 Hz, 8H), 7.35 (dd, J = 3.6, 0.9 Hz, 4H), 7.30 
(m, 12H), 7.10 (dd, J = 5.0, 3.6 Hz, 4H); MS (APLI) 648.102 [648.107] (M
+
). Elem. Anal. for 
C41H28S4, found: C 75.89, H 4.35, S 19.77; calc: C 75.49, H 4.46, S 19.92. 
4.4.1.4. Synthesis of tetra[4-(thien-3-yl)phenyl]methane (TPT3Th) 
Tetra(4-bromophenyl)methane (2.00 g, 3.14 mmol), thien-3-ylboronic acid (1.66 g, 13.0 
mmol), and sodium carbonate (3.00 g, 28.3 mmol) were placed in a 250 mL two-necked 
round flask and carefully degassed. Toluene (35 mL), n-butanol (20 mL) and water (15 mL) 
were added as degasified solvents. Tetrakis(triphenylphosphine)palladium (0) (0.18 g, 0.16 
mmol) in toluene (10 mL) was added and the mixture was stirred under argon atmosphere and 
exclusion of light under reflux for 24 hours. After cooling down the aqueous mixture to rt, 
chloroform (50 mL) was added and the resulting organic phase was washed 5 times with 
aqueous 2N HCl. The collected organic phases were dried with MgSO4. After solvent 
evaporation, the crude product was purified by column chromatography on silica (eluent: 
hexane/dichloromethane 7:2) and recrystallized from hexane/chloroform mixture. The product 
was isolated as white powder, yield: 0.40 g (20 %). 
1
H NMR (600 MHz, THF-d8) δ: 7.58 (m, 
12H), 7.43 (m, 8H), 7.33 (m, 8H); 
13
C NMR (101 MHz, THF-d8) δ 146.67, 142.89, 134.80, 
132.48, 127.13, 126.98, 126.45, 121.17, 65.34; MS (APLI) 648.107 [648.107] (M
+
). Ele. 
Anal. for C41H28S4, found: C 75.89, H 4.18, S 20.03; calc: C 75.89, H 4.35, S 19.77. 
4.4.1.5. Synthesis of bulk polymers by oxidative coupling with FeCl3 
All monomers were chemically polymerized using the same methodology, which is here 
described for the SpTh monomer: 2,2’,7,7’-Tetra(thien-2-yl)-9,9’-spirobifluorene (300 mg, 
0.47 mmol) was dissolved in anhydrous chloroform (30 mL) and transferred dropwise to a 
250 mL round flask which contains a suspension of iron(III)chloride (415 mg, 2.56 mmol) in 
anhydrous chloroform (20 mL). The resulting mixture was stirred at room temperature for one 
day under argon atmosphere. After addition of methanol (100 mL), the mixture was stirred for 
one more hour. The resulting precipitate was collected by filtration and washed with 
methanol. The powder was treated with aqueous hydrochloric acid (37 %) for 2 h, filtered off 
and washed with water and methanol. After Soxhlet extraction with methanol and THF for 24 
h, the product was treated with ethanol (p.a.) for three days and finally washed with 
supercritical carbon dioxide. PSpTh was isolated as yellow powder, yield: 261 mg (84 %), 
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PSp3Th as slightly orange powder (92 %), PTPTTh as slightly green powder (45 %), and 
PTPT3Th as orange powder (99 %). 
 
4.4.2. Electrochemical Studies 
Dichloromethane (HPLC grade) was refluxed over phosphorus pentoxide for 3 h and distilled. 
Tetrabutylammonium tetrafluoroborate (TBABF4, ≥ 99 %) was purchased from Alfa Aesar; 
boron trifluoride diethyletherate (BFEE, ≥ 46.5 % BF3) and phosphate buffered saline (PBS, 
pH 7.4) from Sigma-Aldrich; 1,3,5-trinitrobenzene (TNB, neat) from Supelco; and potassium 
chloride (KCl, ≥ 99.5 %, ACS) from Roth. Indium tin oxide-coated transparent electrodes on 
glass (ITO, ≤ 20 Ohm m−2) were purchased from pgo. For electrochemical polymerization and 
characterization a Potentiostat/Galvanostat PAR VersaSTAT 4 was used with a three-
electrode cell. The AFM images were recorded on an atomic force microscope Bruker 
diInnova operated in tapping mode. The average surface roughness values were extracted 
from the topography images. The thickness of the films was measured with a surface 
profilometer Vecco Dektak 150. 
4.4.2.1. Electrochemical polymerization and characterization on Pt electrodes 
10 mL of 0.1 mM solutions of the monomers were prepared in dichloromethane or 
BFEE/DCM (1:4) using 0.1 M TBABF4 as supporting electrolyte. The solutions were placed 
in a three-electrode cell under argon atmosphere at 25 °C. A platinum disc electrode (Pt, 1 
mm diameter) was used as working electrode (WE); a platinum wire as counter electrode 
(CE); and Ag°/AgNO3 (0.01 M AgNO3/0.1 M TBAP in acetonitrile, 0.53 V vs. NHE) as 
reference electrode (RE). For Figure 7, twenty cyclic voltammograms were repeatedly 
recorded in a potential range 0 – 1.2 V for SpTh, Sp3Th and TPTTh, and 0 – 1.3 V for 
TPT3Th with a scan rate of 0.1 Vs
−1
. For recording CVs of the resulting products, the deposits 
on Pt disc electrodes were placed as WE in a monomer-free 0.1 M solutions of TBABF4 in 
dichloromethane. Cyclic voltammograms at different scan rates from 0.005 to 0.20 Vs
−1
 were 
recorded in the potential range 0 – 1.0 V (Figure 8). 
4.4.2.2. Electrochemical polymerization on ITO electrodes for porosity 
measurements, as well as for optical, and morphological characterization 
10 mL of the monomers solutions were placed in a three-electrode cell. ITO (~ 1.5x1.2 cm 
deposit area) on glass and a platinum gauze (2.5x1.2 cm area), separated by 1 cm, were used 
as WE and CE, respectively; Ag°/AgNO3 as RE. For krypton gas sorption measurements, 
thick films were produced by applying an oxidative potential of 1.2 V (SpTh, Sp3Th and 
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TPTTh) or 1.3 V (TPT3Th) for 20 min. A potential of 0 V was applied after the 
electropolymerization for 60 s in order to discharge (dedoped) the deposits. After rinsing the 
deposits with acetonitrile and dichloromethane, they were dried for 20 min at 100 °C. The 
collection of ca. 2 mg of material was necessary for reliable BET measurements. For optical 
and thickness measurements, MPN films on ITO were prepared by applying ten cyclic 
voltammograms in the same potential range as the used for Pt disc electrodes. After rinsing 
the films with acetonitrile and dichloromethane, they were dried for 20 min at 100 °C. 
 4.4.2.3. Electrochemical polymerization of TPTTh on glassy carbon (GC) 
electrodes and electrochemical sensing of TNB. 
10 mL of a 0.1 mM TPTTh solution were prepared in dichloromethane or BFEE/DCM (1:4) 
using 0.1 M TBABF4 as supporting electrolyte. The solutions were placed in a three-electrode 
cell under argon atmosphere at 25 °C. A glassy carbon disc electrode (GC, 1 mm diameter) 
was used as working electrode (WE); a platinum wire as counter electrode (CE); and 
Ag°/AgNO3 as reference electrode (RE). Potentiostatic polymerization of TPTTh was 
achieved by applying a potential of polymerization of 1.2 V until the required oxidative 
charge (0.01 – 0.50 mC) was accumulated. A potential of 0 V was applied after 
polymerization during 30 s in order to discharge (dedope) the deposits. After rinsing the 
deposits with acetonitrile and dichloromethane, the MPN-modified GC electrodes were used 
as WE in a 10 mL of aqueous 0.2 M KCl and 0.1 M PBS under argon atmosphere at 25 °C. A 
platinum wire and Ag°/AgCl(sat.) (NaCl 3 M, 0.21 V vs NHE) were used as CE and RE, 
respectively. After 5 min of stirring, a prepotential of 0 V was applied for 30 s. Linear scan 
voltammograms were recorded from 0 V to −1 V with a scan rate of 0.01 Vs−1. For 1,3,5-
trinitrobenzene (TNB) detection, 5 L of 1 mM TNB solution in acetonitrile were added 
sequentially in order to adjust the TNB concentration from 0 M to 3 M. 
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A series of novel microporous polymer networks (MPNs) were prepared from 
tetraphenylethene (TPE)-cored, multifunctional carbazole- or thiophene-based monomers by 
using chemical and electrochemical oxidative coupling methods. Octafunctional monomers 
lead to MPNs with high degree of cross-linking and optimized specific surface areas (SBET) of 




. Aggregation-induced emission (AIE) activity of the monomers is 
demonstrated. The MPN films were tested for application in the chemical sensing of 
nitroaromatic analytes by fluorescence quenching. 
5.1. Introduction 
Microporous polymer networks (MPNs) are covalently bonded and highly crosslinked 
materials which show permanent microporosity and high surface areas.
2
 Chemical structure of 
the core as well as number and size of the linkers in the monomeric building blocks (tectons) 
play a significant role for the resulting properties of the MPNs, e.g. the specific surface area 
(SBET).
3,4
 However, the generation of MPN films is still challenging. Thin MPN films are 
achievable by electrochemical, oxidative coupling of electroactive, multifunctional 
monomers.
5
 Usually carbazolyl or thienyl groups are used due to the low oxidative potentials 
required for oxidation and consecutive coupling/dimerization.
6,7
 In Chapter 2,
8
 it was shown 
that the number of carbazolyl linkers in the monomers (two, three or four) strongly influence 
the porosity of the resulting MPN films. Increasing the number of reactive groups leads to a 
higher cross-linking density and rigidity, and therefore to an enhanced surface area. In 
Chapter 3,
9
 it was studied how a further increase of the number of carbazolyl units (up to 
eight carbazolyls around a tetraphenylmethane core) impact on the microporosity of the 
resulting MPNs. Hereby, almost similar SBET values resulted for either tetra- or octacarbazole-
based MPNs, probably related to incomplete cross-linking caused by steric hindrance. This 
drawback may be overcome by introduction of additional spacers between core and linker 
units.   
 
The study of aggregation-induced emission (AIE) phenomena have received enormous 
response from the scientific community since first report by Tang and co-workers in 2001.
10
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The main cause for the AIE effect is the restriction of intramolecular rotations and 
vibrations.
11





 have been synthesized, with the tetraphenylethene (TPE) core as the most 
prominent structural motif. AIE luminogens are connected to numerous potential applications 
as biological probes, for cell imaging, in organic light-emitting diodes and chemical sensors, 
among others.
14
 By connecting MPN films and AIE approaches, Jiang and co-workers studied 
electrogenerated MPN films made from carbazolyl-substituted TPE-cored monomers for use 




In this Chapter, a series of six TPE-cored monomers were synthesized containing four or eight 
electroactive carbazolyl or thienyl substituents. AIE activity of the monomers as well as the 
porosity of the corresponding MPNs were studied in relation to structure and number of 
electroactive groups and the presence of additional 1,4-phenylene linkers. Bulk polymers as 
well as MPN films (obtained by chemical or electrochemical oxidative coupling, respectively) 




. Whereas the AIE-active monomers 
show high photoluminescence quantum yields of up to 83 % in aggregated state, the 
corresponding electrogenerated MPN films are less emissive but show high sensitivity up to 
the ppm level in chemosensing experiments towards nitroaromatic analytes.         
 
5.2. Results and Discussions  
5.2.1. Synthesis of the Series of Monomers 
The synthesis of the series of six TPE-cored monomers followed literature reports (see the 
Experimental Section for details). Scheme 1 presents the chemical structures of the 
monomers. The first pair of monomers have four functionalities (carbazolyl or thienyl) around 
the TPE core (TPETCz and TPETTh); the second pair of monomers with four groups contain 
additional 1,4-phenylene linkers (TPETPTCz and TPETPTTh); and the third pair of 
monomers with eight functionalities hold additional 1,3,5-phenylene linkers (TPETPOcCz 
and TPETPOcTh). 1,1,2,2-Tetra[4-(carbazol-9-yl)phenyl]ethene (TPETCz) was synthesized 
from bis[4-(carbazol-9-yl)phenyl]methanone (made by reaction of bis(4-
fluorophenyl)methanone and carbazole) in a McMurry-type reductive coupling in 80 % yield. 
The intermediate of 1,1,2,2-tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl]ethene that was used for the generation of the other five monomers was synthesized 
by  tetrabromination of  tetraphenylethene  followed by a  Miyaura borylation. 1,1,2,2-Tetra[4 
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Scheme 1. Chemical structures of the six investigated carbazolyl- (top) and thienyl-
substituted (bottom) monomers. 
 
-(thiophen-2-yl)phenyl]ethene (TPETTh), 1,1,2,2-Tetra[4'-(carbazol-9-yl)-(1,1'-biphenyl)-4-
yl]ethene (TPETPTCz), 1,1,2,2-tetra[4'-(thiophen-2-yl)-(1,1'-biphenyl)-4-yl]ethene 
(TPETPTTh), 1,1,2,2-tetra[3',5'-di(carbazol-9-yl)-(1,1'-biphenyl)-4-yl]ethene (TPETPOcCz), 
and 1,1,2,2-tetra[3',5'-di(thiophen-2-yl)-(1,1'-biphenyl)-4-yl]ethene (TPETPOcTh) were 
generated in Suzuki-type cross-couplings of the TPE intermediate with 2-bromothiophene, 9-
(4-bromophenyl)-carbazole, 2-(4-bromophenyl)thiophene, 9,9'-(5-bromo-1,3-phenylene)bis-
(carbazole), or 2,2'-(5-bromo-1,3-phenylene)dithiophene, respectively, with good to moderate 
yields.  
 
5.2.2. Characterization of Chemically Synthesized Bulk Polymers 
The bulk polymer networks were generated as powdery materials by chemical oxidative 
coupling of the monomers with iron(III) chloride in chloroform. After washing and drying, 
the fine powders were obtained in good to excellent yields (73 % − 99 %). Thermogravimetric 
analysis of the polymer networks shows good thermal stability under argon up to 400 °C (see 
Figure 1 and 2). Nitrogen gas adsorption isotherms recorded at 77 K reveal microporosity for 
all bulk polymers, as documented in a rapid gas uptake at low relative pressures of < 0.1 (see 
Figure 3).
16













Figure 1. TGA plots of the bulk MPNs (made by FeCl3 oxidation): PTPETCz (a), 
PTPETPTCz (b), and PTPETPOcCz (c).  
 
tional theory (NLDFT) model to be 0.40 nm − 1.43 nm. On the other hand, significant gas 
adsorption also at high relative pressures (> 0.9) and the apparent hysteresis between the 
adsorption and desorption for all materials reflect the presence of additional meso- and 
macropores.
17
 Table 1 lists the calculated SBET of the bulk polymers by applying the 
Brunauer-Emmett-Teller equation to the corresponding N2 adsorption isotherms. The 
following points should be mentioned: i) PTPETCz and PTPETTh show very similar SBET 








, respectively, both structures contain tectons with four 
carbazolyl or thienyl linkers around TPE cores. When an additional 1,4-phenylene spacer is 









). This phenomenon might be explained by the formation 
of  intercalated  networks due to an  increase of the pore diameter.
18










Figure 2. TGA plots of the bulk MPNs (made by FeCl3 oxidation): PTPETTh (a), 
PTPETPTTh (b), and PTPETPOcTh (c).  
 









from octafunctionalized monomers. Both tectons contain 1,3,5-trisubtituted phenylene linkers 
for attachment of the functional groups. The increased porosity might be related to the higher 
number of the reactive sites leading to higher cross-linking densities and increased rigidity. 
Possibly, the 1,3,5-trisubtituted spacer may also decrease the probability of chain 
intercalation. Please note that in Chapter 3,
9
 quite similar SBET values were found for tetra- or 









respectively), thus illustrating the role of tectons’ structure. iii) As a tendency, higher SBET 
values were calculated for carbazole-based in relation to corresponding, structurally similar 








Figure 3. Nitrogen gas sorption isotherms of chemically synthesized carbazole-based (a), and 
thiophene-based (b) bulk MPNs. 
 
a role. Due to the high microporosity and the polar character of the MPNs, they may find 
applications in gas storage and separation.
19,20
 CO2 uptake capacities in the range of 5.33 % − 
8.95 % at 25 °C and 1 bar were calculated for the chemically synthesized powdery networks 
(see Figure 4 and Table 2). By applying Henry’s law, maximum for CO2/N2 and CO2/CH4 gas 
adsorption selectivities of 13.0 and 2.8, respectively, are observed for PTPETPOcCz. 
 
5.2.3. Electrochemical Characterization of the Monomers and Polymers at Pt Disc 
Electrodes 
Electrochemical oxidative polymerization is a powerful technique that allows for a well-




Table 1. Calculated specific surface areas (SBET) of chemically synthesized bulk polymers as 
well as of electrogenerated MPN films using N2 and Kr gas sorption, respectively, and 
oxidation peak potentials (Ep
ox

















                             
[V vs. Ag°/AgNO3] 
PTPETCz 1097 979 0.89, 1.06 
PTPETPTCz 1039 874 0.99 
PTPETPOcCz 2203 2170 1.03 
PTPETTh 1085 433 0.89, 1.36 
PTPETPTTh 956 – a 1.06 
PTPETPOcTh 1767 1634 1.12 
a
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Figure 4. Gas adsorption isotherms for the bulk MPNs for PTPETCz (a), PTPETTh (b), 
PTPETPTCz (c), PTPETPTTh (d), PTPETPOcCz (e), and PTPETPOcTh (f). 
 
Hereby, for the carbazole-based monomers diluted 0.1 mM solutions in dichloromethane were 
used together with 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4) as supporting 
electrolyte. For the thiophene-based monomers, addition of 20 % (V/V) boron trifluoride 
diethyletherate (BFEE) allows for an optimum polymerization into MPN films. As shown in 
Chapter 4,
22
 BFEE mainly decreases the required oxidation potential for electrochemical 
coupling resulting in boosted BET surface areas of the MPN films. Figure 5 shows the first 
anodic scan voltammograms for polymerization at Pt working electrodes for the carbazole-
based (Figure 5a) and thiophene-based (Figure 5b) monomers. TPETCz and TPETTh show 
the presence of two oxidation peaks (see also Table 1). For both monomers, the reversible 
peaks at around 0.89 V (see insets of Figure S5a and S5b) might be related to the formation of  
 
Table 2. Porosity data, gas uptake (at 298 K) and gas sorption selectivities of the six bulk 









Gas uptake [%] Selectivity
c
  
CO2 N2 CH4 H2
b
 CO2/N2 CO2/CH4 
PTPETCz 1.13 5.71 1.23 0.80 0.45 8.0 2.6 
PTPETPTCz 0.95 6.21 1.22 0.80 0.36 11.1 2.8 
PTPETPOcCz 1.51 8.95 2.04 1.15 0.44 13.0 2.8 
PTPETTh 0.75 5.95 1.24 0.79 0.36 10.6 2.7 
PTPETPTTh 0.78 5.33 1.09 0.68 0.30 11.2 2.8 
PTPETPOcTh 1.08 8.11 1.80 1.09 0.48 10.8 2.7 
a
 Determined at P/P0 = 0.95; 
b
 Measured at 77 K; 
c











































































































































Figure 5. First anodic scan voltammograms at Pt disc electrodes for 0.1 mM monomer 
solutions in dichloromethane (for carbazolyl monomers) (a) or in BFEE/dichloromethane 
(1:4, for thienyl monomers) (b), with 0.1 M TBABF4 as supporting electrolyte. The 




stable, conjugated radical cations as reported for 1,4-dicarbazolyl-subtituted phenylene 
monomers.
23
 At higher potentials of 1.06 V and 1.36 V, respectively, the second irreversible 
oxidation peaks are observed for these carbazole- or thiophene-based monomers. These peaks 
should be related to the dimerization/cross-linking and deposition of the MPN films as 
reflected by the gradual current increase during multiple cycling (see Figure 6a and 6b). 
TPETPTCz and TPETPTTh exhibit single oxidation peaks at around 0.99 V and 1.06 V, 
respectively, for the electrochemical coupling reaction (see Figure 6c and 6d). The observed 
lower current for TPETPTTh stems from the low solubility of this monomer (monomer 
concentration < 0.1 mM). Finally, for the coupling of TPETPOcCz and TPETPOcTh slightly 
higher oxidation potentials of 1.03 V and 1.12 V, respectively, are needed if compared to the 
corresponding tetrasubstituted monomers (see Figure 6e and 6f). Moreover, the observed 
higher oxidation current peaks for the octasubstituted monomers reflect the doubled amount 
of electroactive groups in the tectons. Cyclic voltammograms of the electrogenerated films in 




 exhibit two 
reversible peaks for carbazole-based and one reversible peak for thiophene-based MPNs 
(potential range of 0.5 V – 1.1 V, see Figure 7). These peaks are related to 
charging/discharging processes in conducting polymer films via reversible formation of 
radical cations and/or dications.
24
 Additionally, the observed linear relation between peak 
currents and scan rate documents the formation of well-adhered deposits where the electron 
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Figure 6. Twenty cyclic voltammograms at Pt disc electrodes for 0.1 mM solutions of 
TPETCz (a), TPETTh (b), TPETPTCz (c), TPETPTTh (d), TPETPOcCz (e), and 
TPETPOcTh (f) in dichloromethane for the carbazole-based monomers or in 
BFEE/dichloromethane (1:4) mixtures for the thiophene-based monomers. 0.1 M TBABF4 
was used as supporting electrolyte. Cyclic voltammograms were recorded from -1.0 V to 1.2 
V (a,c,e), 0 V to 1.4 V (b), or 0 V to 1.2 V (d, f) with a scan rate of 0.10 Vs
−1
. The insets show 
the cyclic voltammograms in a narrower potential window for the reversible peaks for 
TPETCz (a) and TPETTh (b).  
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Figure 7.  Cyclic voltammograms for PTPETCz (a), PTPETTh (b), PTPETPTCz (c), 
PTPETPTTh (d), PTPETPOcCz (e), and PTPETPOcTh (f) deposits on Pt disc electrodes in 
monomer-free dichloromethane containing 0.1 M TBABF4 as supporting electrolyte. CVs 
were recorded from 0 V to 1.1 V (a,c,e) or 1.0 V (b,d,f) at different scan rates from 0.005 to 
0.20 Vs
−1
. The films were prepared as described in the caption of Figure 6. The insets 

















































E / V vs. Ag°/AgNO
3










































E / V vs. Ag°/AgNO
3































































































































































 Electrogenerated MPNs from Tetraphenylethene-Cored Multifunctional Monomers  
103 
 
5.2.4. Porosity Characterization of Electrogenerated MPN Films 
Especially potentiostatic oxidative polymerization allows for the formation of thicker, free-
standing MPN when increasing the monomer concentration to 0.5 mM. After repeated 
washing and drying of the films, they were used to extract the corresponding krypton gas 
sorption data (77 K, relative pressure of 0 – 0.6). As shown in the representative sorption 
isotherms of Figure 8a. A fast krypton uptake at low relative pressures of < 0.1 again 
documents microporosity (see Figure 8b for nitrogen uptake in corresponding bulk polymers). 
Slightly reduced SBET values are observed for most of the electrogenerated MPN films if 
compared to the corresponding bulk polymers (see Table 1). Strikingly, electrogenerated 








 for the 
corresponding bulk polymer). This finding can be related to the relatively high oxidation 
potential of 1.4 V necessary for film deposition probably resulting in overoxidation and 
occurrence of side reactions. The SBET value of PTPETPTTh films was not determined by 
krypton adsorption measurements due to the poor monomer solubility leading to the 
formation of only thin deposits.          
 
5.2.5. Optical Characterization of the AIE-active Monomers in Solution and Solid 
State. 
Organic materials with high solid state photoluminescent (PL) are of increasing importance 
for many potential applications, e.g. in electronic devices or sensors. One concept towards this 
goal, the so-called aggregation-induced emission (AIE) of small molecules and polymers has 
been intensely studied during the last 15 years; especially, materials based on the tetra- 
 
  
Figure 8. Adsorption isotherms of electropolymerized MPN films (a), and corresponding 
bulk polymers synthesized by oxidative coupling with iron(III) chloride (b), using Kr or N2 
gas, respectively. 























































Figure 9. Absorption (black lines) and photoluminescence (red lines) spectra of the 
monomers: TPETCz (a), TPETTh (b), TPETPTCz (c), TPETPTTh (d), TPETPOcCz (e), and 
TPETPOcTh (f) in diluted chloroform solutions (dashed lines) and in the solid state (films) on 
quartz, solid lines).  
 
phenylethylene motif have been extensively investigated.
25
 Herein, AIE properties of the 
TPE-cored monomers were studied due to a good synthetic accessibility and favorable optical 
properties. Subsequently, the use of MPN films made from these monomers was explored for 
the chemical detection of nitroaromatic analytes. The optical spectra of the monomers are 
depicted in Figure 9. Red-shifted absorption spectra are observed for the monomers films in 
relation to their corresponding solutions in chloroform. Photoluminescence spectra show solid  
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Table 3. Photoluminescent data (upon excitation at 340 nm) for the series of monomers in 
diluted chloroform solutions and as thin films on quartz.  






TPETCz 497 1.3 83 
TPETPTCz 512 5.8 56 
TPETPOcCz 520 2.9 73 
TPETTh 553 0.8 7 
TPETPTTh 503 2.5 4 
TPETPOcTh 514 1.7 38 
 
state PL maxima between 497 nm for TPETCz and 553 nm for TPETTh (see Table 3 and 
Figure 10). The corresponding photoluminescence quantum yields (PL-QYs) in solution and 
in solid state are summarized in Table 3. Please notice: i) For all monomers, the transition 
from solution to the solid state leads to up to 63 times increased PL-QYs  (for TPETCz) due 
to the AIE effect. ii) The carbazole-based monomers generally display higher PL-QYs if 
compared to the corresponding thiophene-based counterparts.   
 
For completion, the AIE effect was also investigated in solvent/non-solvent mixtures. As an 
example, Figure 11a shows PL spectra of 0.01 mM TPETPOcCz in THF/water mixtures with 
an increasing non-solvent fraction (0 % to 90 % water). The low PL intensity for water 
contents < 30 % (see Figure 11b) rapidly increases and reaches a maximum for 90 % water, 
with a 67-fold increase if compared to the THF solution. The aggregated state is expected to 
restrict  intramolecular rotations and to block non-radioactive  deactivation  channels thus lea- 
 
 
Figure 10. Photographs of monomer films of TPETCz (a), TPETTh (b), TPETPTCz (c), 
TPETPTTh (d), TPETPOcCz (e), and TPETPOcTh (f) on quartz plates upon excitation at 364 










Figure 11. Photoluminescence spectra (a) and photoluminescence intensity at 497 nm (b) of 
0.01 mM TPETPOcCz in THF/water mixtures upon excitation at 340 nm. 
 
ding to a strong PL increase.
26
 To finish up the monomer section, the PL quenching properties 
of aggregated TPETPOcCz dispersions in THF/water (1:9) caused by a prototypical 
nitroaromatic analyte, 1,3,5-trinitrobenzene (TNB) were explored. A progressive decreased of 
the PL intensity was obtained by adding TNB at the ppm level (0 ppm – 26 ppm, see Figure 
12a). A possible mechanism of PL quenching may be energy transfer between the excited, 
electron-rich host and the electron-deficient nitroaromatic quencher.
27
 A Stern-Volmer 
analysis displays an upward bended plot at high TNB concentrations thus pointing for 
amplified PL quenching (see Figure 12b).
28
 Three quenching constants (KSV) were calculated 
depending on the TNB concentration: 6.78E4 M
–1
 below 30 µM, 1.52E5 M
–1
 between 30 µM 
and 105 µM, and 2.53E5 M
–1 
between 105 µM and 120 µM. 
 
  
Figure 12. Photoluminescence spectra (a) of a 0.01 mM TPETPOcCz dispersion in 
THF/water (1:9) upon excitation at 340 nm, and Stern-Volmer plot of the PL intensity at 497 
nm (b) by addition of different amounts of TNB.  
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Figure 13. Tapping mode AFM images of MPN films on ITO: PTPETCz (a), PTPETPTCz 
(b), and PTPETPOcCz (c).  
 
5.2.6. Optical and Morphological Characterization of Electrogenerated AIE-active 
MPN Films 
As previously mentioned, the electrogenerated MPN films are also characterized by an intense 
PL, especially the carbazole-based materials. Therefore, the optical properties of the 
carbazolyl MPN films were also studied. The presence of high permanent microporosity and 
intense PL should provide a unique combination of properties, especially, for the PL 
quenching applications. Towards this end, MPN films were electrochemically prepared from a 
0.1 mM solution of the carbazolyl monomers in dichloromethane using 0.1 M TBABF4 as 
supporting electrolyte. Ten consecutive voltammetric cycles in the range from -1.0 V to 1.1 V 
were applied with a scan rate of 0.10 Vs
1
. Tapping mode AFM images of the films show a 
smooth topology (see Figure 13) with an average roughness (Rq) of 4 nm – 13 nm at 
thicknesses of 25 nm – 75 nm (see Table 4). The absorption spectra of the MPN films display 
long wavelength absorption maxima at ca. 350 nm (see Figure 14a).
15
 Upon excitation at 340 
nm, these MPN thin films emit green-yellowish light with PL maxima centered at 527 nm for 
PTPETCz, 542 nm for PTPETPTCz, and 529 nm for PTPETPOcCz (see Figure 14b). 
Moderately high PL-QY values of 3.9 % (PTPETCz), 11.5 % (PTPETPTCz), and 3.1 % 
(PTPETPOcCz)  were found,  with the values  still higher  than the ones  of the corresponding  
 
Table 4. Average roughness, thicknesses and PL-QYs for excitation at 340 nm of 
electrogenerated carbazole-based MPN films on ITO. 








PTPETCz 4.0 25 527 3.9 
PTPETPTCz 13.0 50 542 11.5 
PTPETPOcCz 7.7 75 529 3.1 
 
a b c 




Figure 14. Absorption (a) and photoluminescence (b) spectra of the carbazole-based MPN 
films on ITO. 
 
monomers in chloroform solutions. As shown in Chapter 2,
29
 MPN films are better suited than 
the corresponding monomer films for the chemical detection of low concentrations of 
nitroaromatic analytes thus demonstrating the added value of the microporosity on sensing 
applications. Therefore, the potential of electrogenerated PTPETPOcCz films for the chemical 
sensing of nitroaromatic compounds was explored. Figure 15a illustrates the PL quenching 
upon contacting these MPN films with 100 ppm solutions of 4-nitrophenol (NP), 2,4,6-
trinitrophenol (TNP), nitrobenzene (NB), 1,3-dinitribenzene (DNB), 1,3,5-trinitrobenzene 
(TNB), 4-nitrotoluene (NT), 2,6-dinitrotoluene (DNT), and 2,4,6-trinitrotoluene (TNT) in 
acetonitrile for 1 min. The PL quenching correlates well to the number of nitro groups in the 
analyte, with a  maximum  PL quenching of 77 %  for TNB.  Assuming  excited  state  energy 
 
  
Figure 15. PL quenching of PTPETPOcCz thin films (upon excitation at 340 nm) after 
contacting with 100 ppm solutions of various nitroaromatic analytes in acetonitrile for 1 min 
(a), and PL spectra of PTPETPOcCz thin films after contacting with TNB solutions of 
different concentrations (b). The inset illustrates the reusability of the films after use in the 
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transfer between electron-rich MPN film and electron-deficient quencher, this trend may be 
easily rationalized. Finally, PTPETPOcCz thin films were tested for the detection limit 
towards TNT due its importance to public health and security as well as for the 
environment.
30
 Figure 15b displays a progressively decreased PL intensity for low ppm 
concentrations with a clearly detectable quenching already for 1 ppm TNT. PTPETPOcCz 
films also show good reusability after removal of the analyte by washing with acetonitrile and 
drying at reduced pressure at 100 °C (see inset of Figure 15a). 
 
5.3. Conclusions 
To sum up, a series of six tetraphenylethene-cored, carbazole- or thiophene-based monomers 
was synthesized and used in the generation of corresponding microporous polymers networks 
by chemical or electrochemical oxidative coupling. All polymers showed high microporosity 




. The monomers displayed the expected AIE 
activity especially for the carbazole-based monomers. Thin MPN films produced by 
electrochemical coupling were used for PL quenching-based sensing of nitroaromatic 
explosives reacting to low level of ca. 1 ppm for TNT.   
 
5.4. Experimental Section 
5.4.1. Monomers and bulk polymers 





C NMR spectra were obtained on Bruker Avance 400 and III 600 machines. 
APLI mass spectra were recorded on a Bruker Daltronik micrOTOF system (KrF*-Laser 
ATLEX-SI, ATL Wermelskirchen), MALDI-TOF mass spectra on a Bruker Reflex TOF, and 
field desorption (FD) mass spectra on a VG Instruments ZAB2-SE-FPD. Thermogravimetric 
analyses were carried out under argon flow on a Mettler Toledo TGA/DSC1 STAR System. 
UV-vis spectra were recorded on a JASCO V-670. Photoluminescence spectra were obtained 
on a HORIBA Scientific FluoroMax-4 Spectrofluorometer connected to a Quanta-Phi 
integrating sphere for determination of PL quantum yields. A Tousimis Samdri-795 system 
was used for washing the bulk polymers with supercritical carbon dioxide. Nitrogen and 
krypton adsorption-desorption isotherms were recorded on a BEL Japan Inc Belsorp-max 
system at 77 K. A maximum relative pressure of 0.6 was set for measurements with Kr gas. 
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5.4.1.1. Synthesis of bis[4-(carbazol-9-yl)phenyl]methanone (1) 
In a 100 mL round flask, carbazole (3.07 g, 18.33 mmol) was dissolved in anhydrous DMF 
(30 mL). After adding potassium tert-butoxide (2.16 g, 19.25 mmol), the mixture was heated 
up to 70 °C for 10 min and then bis(4-fluorophenyl)methanone (2.00 g, 9.17 mmol) in DMF 
(20 mL) were added. The mixture was stirred for additional 12 h. After cooling down to room 
temperature, the crude was poured into ice-water, filtered and recrystallized from acetone to 
give a yellow product, yield: 3.89 g (83 %). 
1
H NMR (400 MHz, C2D2Cl4) δ: 8.24-8.18 (m, 
8H), 7.84 (d, J = 8.50 Hz, 4H), 7.63 (d, J = 8.23 Hz, 4H), 7.55-7.48 (m, 4H), 7.42-7.36 (m, 
4H); 
13
C NMR (101 MHz, C2D2Cl4) δ: 194.38, 141.60, 140.00, 135.53, 131.82, 126.30, 
126.20, 123.56, 120.68, 120.39, 109.80; MS (APLI) 512.171 [512.189] (M
+
).  
5.4.1.2. Synthesis of 1,1,2,2-tetra[4-(carbazol-9-yl)phenyl]ethene (TPETCz) 
To a solution of bis[4-(carbazol-9-yl)phenyl]methanone (1.50 g, 2.93 mmol) in dry THF (50 
mL), zinc dust (0.46 g, 7.03 mmol) was added followed by the addition of titanium(IV) 
chloride (0.67 g, 3.52 mmol) after cooling to -78 °C. After stirring for 20 min under argon, the 
reaction mixture was warmed up to room temperature and then heated up to reflux for 12 h. 
Next, the reaction mixture was cooled to room temperature and poured into water. The 
organic layer was extracted with dichloromethane and the combined organic layers were 
washed with brine and water, and finally dried over magnesium sulfate. After solvent 
evaporation, the residue was washed with dichloromethane resulting in a white solid, yield: 
1.16 g (80 %). 1H NMR (400 MHz, C2D2Cl4) δ: 8.21-8.15 (m, 8H), 7.60-7.53 (m, 16H), 7.49 
(d, J = 8.05 Hz, 8H), 7.42-7.36 (m, 8H), 7.35-7.29 (m, 8H); 13C NMR (101 MHz, C2D2Cl4) δ: 
141.85, 140.99, 140.48, 136.14, 132.81, 126.23, 126.10, 123.12, 120.23, 120.05, 109.68; MS 
(MALDI TOF) 992.3 [992.4] (M+).  
 





5.4.1.3. Synthesis of 1,1,2,2-tetra(4-bromophenyl)ethene (2) 
An evaporation plate with 1,1,2,2-tetraphenylethene (20 g, 60.20 mmol) and bromine (10 mL) 
was placed in a slightly open desiccator for 7 days (bromine was refilled whenever needed). 
The brownish product was recrystallized from a dichloromethane/methanol (2:1) mixture to 
give a white solid, yield: 15.17 g (39 %). 
1
H NMR (400 MHz, C2D2Cl4): δ 7.29 (d, J = 8.5 
Hz, 8H), 6.86 (d, J = 8.5 Hz, 8H); 
13
C NMR (101 MHz, C2D2Cl4): δ 141.3, 139.4, 132.6, 
131.1, 121.0; MS (APLI) 647.781 [647.795] (M
+
). 
5.4.1.4. Synthesis of 1,1,2,2-tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl]ethene (3) 
1,1,2,2-Tetra(4-bromophenyl)ethene (7.00 g, 10.80 mmol), potassium acetate (8.48 g, 86.0 
mmol), bis(pinacolato)diboron (12.07 g, 47.5 mmol) and anhydrous DMF (90 mL) were 
placed in a two-necked round bottom flask under argon atmosphere and stirred for 15 
minutes. After addition of tetrakis(triphenylphosphine)palladium(0) (0.62 g, 0.54 mmol) in 
DMF (10 mL), the mixture was stirred under exclusion of light at 100 °C for 48 hours. After 
cooling to room temperature, the mixture was quenched with water and extracted with 
dichloromethane. The combined organic layers were dried over anhydrous magnesium 
sulfate. The solvent was evaporated and the residue was recrystallized from a mixture of 
ethanol/dichloromethane to give a light yellow solid, yield: 3.90 g (43 %) 
1
H NMR (600 
MHz, C2D2Cl4): δ 7.58-7.50 (m, 8H), 7.07-6.98 (m, 8H), 1.37 (s, 48H); 
13
C NMR (141 MHz, 
C2D2Cl4): δ 146.0, 141.2, 134.0, 130.3, 83.6, 24.8; MS (APLI) 834.472 [836.500] (M
+
). 
5.4.1.5. Synthesis of 1,1,2,2-tetra[4-(thiophen-2-yl)phenyl]ethene (TPETTh) 
1,1,2,2-Tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]ethene (2.00 g, 2.39 
mmol), 2-bromothiophene (1.72 g, 10.52 mmol), sodium carbonate (2.28 g, 21.5 mmol), 
anhydrous toluene (20 mL), degasified butanol (12 mL) and degasified water (15 mL) were 
added to a two-necked round flask under argon atmosphere. After heating up to 80 °C, 
tetrakis(triphenylphosphine)palladium(0) (0.28 g, 0.24 mmol) in toluene (10 mL) was added 
to the mixture and refluxed under exclusion of light at 120 °C for 10 h. After cooling down to 
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room temperature, the crude product was diluted with chloroform and washed with aqueous 2 
N HCl. The organic phase was dried over anhydrous magnesium sulfate and the solvent was 
removed by evaporation. The residue was purified by silica gel column chromatography 
(eluent: hexane/dichloromethane in a gradient from 6:1 to 4:1) to give a yellow solid, yield: 
0.76 g (48 %). 1H NMR (400 MHz, C2D2Cl4): δ 7.38 (d, J = 8.4 Hz, 8H), 7.28 (dd, J = 3.6, 
1.0 Hz, 8H), 7.24 (dd, J = 5.1, 1.0 Hz, 8H), 7.07 (d, J = 8.4 Hz, 8H), 7.04 (dd, J = 5.1, 3.6 
Hz, 8H); 13C NMR (101 MHz, C2D2Cl4): δ 144.3, 143.0, 140.4, 132.6, 132.3, 128.5, 125.4, 
125.2, 123.4; MS (APLI) 660.096 [660.107] (M+). 
 
 
5.4.1.6. Synthesis of 9-(4-bromophenyl)-carbazole (4) 
1,4-Dibromobenzene (14.11 g, 59.8 mmol), carbazole (5.00 g, 29.9 mmol), copper(I)iodide 
(0.57 g, 2.99 mmol), potassium carbonate (37.2 g, 269 mmol), 2,2'-bipyridine (1.21 g, 
7.77 mmol) and o-dichlorobenzene (70 mL) were added to a double-necked round flask under 
argon atmosphere and stirred under exclusion of light at 180 °C overnight. The hot reaction 
mixture was filtered over celite and washed with hot toluene. After solvent evaporation, the 
crude product was purified by silica gel column chromatography (eluent: hexane) to give a 
white solid, yield: 5.793 g (60 %). 
1
H NMR (400 MHz, C2D2Cl4): δ 7.80 - 7.75 (m, 2H), 7.51 
- 7.40 (m, 6H), 7.34 (ddd, J= 8.0, 5.5, 1.4, 2H); 
13
C NMR (101 MHz, C2D2Cl4): δ(ppm) 140.3, 





5.4.1.7. Synthesis of 1,1,2,2-tetra[4'-(carbazol-9-yl)-(1,1'-biphenyl)-4-yl]ethene 
(TPETPTCz) 
1,1,2,2-tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]ethene (0.50 g, 
0.60 mmol), 9-(4-bromophenyl)-carbazole (0.828 g, 2.57 mmol),  sodium carbonate (0.570 g, 
5.38 mmol), anhydrous toluene (20 mL), degasified butanol (12 mL) and degasified water (15 
mL) were added to a two-necked round flask under argon atmosphere. After heating up to 
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80 °C, tetrakis(triphenylphosphine)palladium(0) (0.07 g, 0.06 mmol) in toluene (10 mL) was 
added and the mixture refluxed under exclusion of light at 120 °C for 10 h. After cooling 
down to room temperature, the crude product was diluted with chloroform and washed with 
aqueous 2 N HCl. The organic phase was dried over anhydrous magnesium sulfate and the 
solvent removed by evaporation. The residue was purified by silica gel column 
chromatography (eluent: hexane/dichloromethane 7:3) to give a yellow solid, yield: 0.25 g 
(32 %). 1H NMR (400 MHz, C2D2Cl4): δ 8.17 (d, J = 7.8 Hz, 8H), 7.95 – 7.85 (m, 8H), 7.71 – 
7.58 (m, 16H), 7.54 – 7.41 (m, 16H), 7.40 – 7.25 (m, 16H); 13C NMR (101 MHz, C2D2Cl4): δ 
143.0, 140.6, 139.3, 137.7, 137.6, 136.5, 132.1, 128.1, 127.0, 126.2, 126.0, 123.1, 120.2, 




5.4.1.8. Synthesis of 2-(4-bromophenyl)thiophene (5) 
1,4-Dibromobenzene (4.00 g, 16.96 mmol), tributyl(thiophen-2-yl)stannane (3.16 g, 8.48 
mmol) and dry toluene (10 mL) were added to a 20 ml microwave vial under argon 
atmosphere. After adding tetrakis(triphenylphosphine)palladium(0) (0.49 g, 0.424 mmol) in 5 
ml dry toluene, the mixture was stirred under exclusion of light at 140 °C for 10 h. The crude 
was purified by silica gel column chromatography (eluent: hexane) to give a white solid, 
yield: 1.13 g (55 %). 
1
H NMR (400 MHz, C2D2Cl4): δ H 7.55-7.47 (m, 4H), 7.35-7.32 (m, 
2H), 7.11 (dd, J = 5.0, 3.7, 1H); 
13
C NMR (101 MHz, C2D2Cl4): δ 142.8, 133.2, 131.9, 128.2, 




5.4.1.9. Synthesis of 1,1,2,2-tetra[4'-(thiophen-2-yl)-(1,1'-biphenyl)-4-yl]ethene 
(TPETPTTh) 
1,1,2,2-Tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]ethene (0.70 g, 
0.84 mmol), 2-(4-bromophenyl)thiophene (0.86 g, 3.60 mmol), sodium carbonate (0.80 g, 
7.53 mmol), anhydrous toluene (20 mL), degasified butanol (12 mL) and degasified water (15 
mL) were added to a two-necked round flask under argon atmosphere. After heating up to 80 
°C, tetrakis(triphenylphosphine)palladium(0) (0.10 g, 0.08 mmol) in toluene (10 mL) was 
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added to the mixture and the mixture refluxed under exclusion of light at 120 °C for 10 h. 
After cooling down to room temperature, chloroform was added to the crude product. The 
mixture was washed with aqueous 2 N HCl, the organic phase was filtrated and finally 
washed with chloroform to give a greenish solid, yield: 0.41 g (50 %). 1H NMR (400 MHz, 
C2D2Cl4): δ 7.69-7.63 (m, 16H), 7.50-7.38 (m, 8H), 7.39-7.35 (m, 4H), 7.34-7.31 (m, 4H), 
7.26-7.15 (m, 8H), 7.14-7.10 (m, 4H); MS (APLI) 964.228 [964.233] (M+). 
 
 
5.4.1.10. Synthesis of 9,9'-(5-bromo-1,3-phenylene)bis(carbazole) (6) 
1,3,5-Tribromobenzene (7.00 g, 22.2 mmol), carbazole (7.44 g, 44.5 mmol), copper(I)iodide 
(0.85 g, 4.5 mmol), potassium carbonate (27.7 g, 200 mmol), 2,2'-bipyridine (1.74 g, 
11.1 mmol) and o-dichlorobenzene (70 mL) were added to a double-necked round flask under 
argon atmosphere and stirred under exclusion of light at 180 °C for 10 h. The hot reaction 
mixture was filtered over celite and washed with hot toluene. After solvent evaporation, the 
crude product was purified by silica gel column chromatography (eluent: hexane) to give a 
white solid, yield: 3.11 g (29 %). 
1
H NMR (400 MHz, C2D2Cl4): δ 8.18 (d, J = 7.6 Hz, 1H), 
7.90 (d, J = 1.9 Hz, 2H), 7.83 (t, J = 1.8 Hz, 1H), 7.60 (d, J = 8.2 Hz, 4H), 7.53 – 7.48 (m, 
4H), 7.40 – 7.35 (m, 4H); 13C NMR (101 MHz, C2D2Cl4): δ 140.2, 140.0, 128.4, 126.4, 124.1, 
123.5, 123.5, 120.8, 120.5, 109.6; MS (APLI) 488.054 [488.072] (M
+
). 
5.4.1.11. Synthesis of 1,1,2,2-tetra[3',5'-di(carbazol-9-yl)-(1,1'-biphenyl)-4-yl]ethene 
(TPETPOcCz) 
1,1,2,2-Tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]ethene (0.50 g, 
0.60 mmol), 9,9'-(5-bromo-1,3-phenylene)bis(carbazole) (1.25 g, 2.57 mmol), sodium 
carbonate (0.57 g, 5.38 mmol), anhydrous toluene (20 mL), degasified butanol (12 mL) and 
degasified water (15 mL) were added to a two-necked round flask under argon atmosphere. 
After heating up to 80 °C, tetrakis(triphenylphosphine)palladium(0) (0.07 g, 0.06 mmol) in 
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toluene (10 mL) was added. The mixture was refluxed under exclusion of light at 120 °C for 
10 h. After cooling down to room temperature, the crude product was diluted with chloroform 
and washed with aqueous 2 N HCl. The organic phase was dried over anhydrous magnesium 
sulfate and the solvent was evaporated. The resulting residue was purified by silica gel 
column chromatography (eluent: hexane/dichloromethane 6:4) to give a yellow solid, yield: 
0.40 g (34 %). 
1
H NMR (600 MHz, C2D2Cl4): δ 8.18 (d, J = 7.8 Hz, 16H), 7.93 (d, J = 1.8 
Hz, 8H), 7.77 (t, J = 1.8 Hz, 4H), 7.59 (t, J = 7.4 Hz, 24H), 7.47-7.40 (m, 16H), 7.35-7.28 
(m, 24H); 
13
C NMR (141 MHz, C2D2Cl4): δ 143.9, 143.6, 140.4, 140.3, 140.3, 139.4, 136.9, 




5.4.1.12. Synthesis of 2,2'-(5-bromo-1,3-phenylene)dithiophene (7) 
1,3,5-Tribromobenzene (3.00 g, 9.53 mmol), tributyl(thiophen-2-yl)stannane (7.11 g, 19.06 
mmol) and dry toluene (10 mL) were added to a 20 ml microwave vial under argon 
atmosphere. After adding tetrakis(triphenylphosphine)palladium(0) (0.15 g, 0.13 mmol) in 
toluene (5 mL), the mixture was stirred under exclusion of light at 140 °C for 10 h. The crude 
product was purified by silica gel column chromatography (eluent: hexane) and sublimation 
(100 °C, 10
-2
 torr) to give yellow crystalline needles, yield: 0.60 g (20 %). 
1
H NMR (600 
MHz, C2D2Cl4): δ 7.74 (t, J = 1.6 Hz, 1H), 7.66 (d, J = 1.6 Hz, 2H), 7.40 – 7.37 (m, 4H), 7.13 
(dd, J = 5.1, 3.6 Hz, 2H); 
13
C NMR (141 MHz, C2D2Cl4): δ 142.3, 137.0, 128.7, 127.8, 126.5, 
124.8, 123.7, 122.4; MS (APLI) 321.913 [321.931] (M
+
). 
5.4.1.13. Synthesis of 1,1,2,2-tetra[3',5'-di(thiophen-2-yl)-(1,1'-biphenyl)-4-yl]ethene 
(TPETPOcTh) 
1,1,2,2-Tetra[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]ethene (0.32 g, 
0.41 mmol), 2,2'-(5-bromo-1,3-phenylene)dithiophene (0.57 g, 1.77 mmol), sodium carbonate 
(0.39 g, 3.71 mmol), anhydrous toluene (20 mL), degasified butanol (12 mL) and degasified 
water (15 mL) were added to a two-necked round flask under argon atmosphere. After heating 
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up to 80 °C, tetrakis(triphenylphosphine)palladium(0) (0.05 g, 0.04 mmol) in toluene (10 mL) 
was added and the mixture refluxed under exclusion of light at 120 °C for 10 h. After cooling 
down to room temperature, the crude product was diluted with chloroform and washed with 
aqueous 2 N HCl. The organic phase was dried over anhydrous magnesium sulfate and the 
solvent was evaporated. The resulting residue was purified by silica gel column 
chromatography (eluent: hexane/dichloromethane 6:1 to 3:1) to give a white solid, yield: 0.25 
g (47 %). 
1
H NMR (400 MHz, C2D2Cl4): δ 7.79 (d, J = 1.4 Hz, 4H), 7.75 (d, J = 1.5 Hz, 8H), 
7.55 (d, J = 8.3 Hz, 8H), 7.44 (dd, J = 3.5, 0.9 Hz, 8H), 7.35 (dd, J = 5.1, 0.8 Hz, 8H), 7.31 
(d, J = 8.3 Hz, 8H), 7.13 (dd, J = 5.0, 3.6 Hz, 8H); 
13
C NMR (101 MHz, C2D2Cl4): δ 143.5, 
143.1, 141.8, 140.4, 138.0, 135.3, 132.0, 128.1, 126.4, 125.3, 123.8, 123.6, 122.3; MS (APLI) 
1292.988 [1292.183] (M+). 
5.4.1.14. Synthesis of bulk polymers by oxidative coupling with FeCl3 
All monomers were chemically polymerized in a similar procedure as described here for the 
TPEPOcCz monomer: 1,1,2,2-tetra[3',5'-di(carbazol-9-yl)-(1,1'-biphenyl)-4-yl]ethene (0.10 g, 
0.051 mmol) was dissolved in anhydrous chloroform (20 mL) and added dropwise to a 
suspension of iron(III) chloride (0.21 g, 1.29 mmol) in anhydrous chloroform (30 mL) under 
argon atmosphere. The resulting mixture was stirred at room temperature for one day. After 
addition of methanol (100 mL), the mixture was stirred for one more hour. The resulting 
precipitate was collected by filtration and washed with methanol. The powder was treated 
with aqueous hydrochloric acid (37 %) for 2 h, filtered off and washed with water and 
methanol. After Soxhlet extraction with methanol and THF for 24 h, the product was treated 
with ethanol (p.a.) for three days and finally washed with supercritical carbon dioxide. 
PTPETPOcCz was isolated as yellow powder, yield: 0.084 g (84 %). PTPETCz as yellow 
powder (99 %), PTPETTh as orange powder (73 %), PTPEPTCz was obtained as yellow 
powder (80 %), PTPEPTTh as dark yellow powder (85 %), and finally PTPEPOcTh as yellow 
powder (99 %). 
 
5.4.2. Electrochemical Studies 
Dichloromethane (HPLC grade) was refluxed over phosphorus pentoxide for 3 h and distilled. 
Tetrabutylammonium tetrafluoroborate (TBABF4, ≥ 99 %) was purchased from Alfa Aesar. 
Borontrifluoride diethyletherate (BFEE, ≥ 46.5 % BF3), nitrobenzene (NB, analytical 
standard), 1,3-dinitrobenzene (DNB, analytical standard) and 2,4,6-trinitrophenol (TNP, ≥ 
98%, moistened with water) were purchased from Sigma-Aldrich; 1,3,5-trinitrobenzene 
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(TNB, neat) from Supelco; 4-nitrotoluene (NT, 99 %) from Across; and 4-nitrophenol (NP, 99 
%) from ABCR. Potassium chloride (KCl, ≥ 99.5 %, ACS) was purchased from Roth. Indium 
tin oxide-coated transparent electrodes on glass (ITO, ≤ 20 Ohm m−2) were purchased from 
pgo. For electrochemical polymerization and characterization, an electrochemical workstation 
PAR VersaSTAT 4 was used in combination to a three-electrode cell. The AFM images were 
recorded on an atomic force microscope Bruker diInnova operated in tapping mode. Average 
surface roughness and thickness of the films were extracted from the topography images. 
5.4.2.1. Electrochemical polymerization and characterization on Pt disc electrodes 
10 mL of 0.1 mM solutions of the carbazole- or thiophene-based monomers were prepared in 
dichloromethane or BFEE/dichloromethane (1:4), respectively, using 0.1 M TBABF4 as 
supporting electrolyte. The solutions were placed in a three-electrode cell under argon 
atmosphere at 25 °C. A platinum disc electrode (Pt, 1 mm diameter) was used as working 
electrode (WE), a platinum wire as counter electrode (CE), and Ag°/AgNO3 (0.01 M 
AgNO3/0.1 M TBAP, 0.56 V vs NHE) as reference electrode (RE). Multiple cyclic 
voltammograms were repeatedly recorded in a potential range from -1.0 V to 1.2 V (TPETCz, 
TPETPTCz, TPETPOcCz, TPETPTTh, and TPETPOcTh) or -1.0 V to 1.4 V (TPETTh) with 
a scan rate of 0.1 Vs
−1
. The resulting deposits on Pt were placed as WE in 0.1 M monomer-
free solutions of TBABF4 in dichloromethane. Multiple cyclic voltammograms at different 
scan rates from 0.005 to 0.20 Vs
−1
 were recorded in the potential range from 0 V to 1.1 V 
(TPETCz, TPETPTCz, and TPETPOcCz) or 1.0 V (TPETTh, TPETPTTh, and TPETPOcTh). 
5.4.2.2. Electrochemical polymerization on ITO electrodes for porosity 
measurements and optical characterization 
10 mL of the monomers solutions were placed in a three-electrode cell. ITO (~ 1.5 cm x 1.2 
cm deposited area) on glass and a platinum gauze (2.5 cm x 1.2 cm area), separated by 1 cm, 
were used as WE and CE, respectively (Ag°/AgNO3 as RE). For krypton gas sorption 
measurements, thick films were produced by applying an oxidative potential of 1.2 V 
(TPETCz, TPETPTCz, TPETPOcCz, TPETPTTh, and TPETPOcTh) or 1.4 V (TPETTh) for 
20 min. Afterwards, a potential of -1.0 V was applied for 120 s in order to dedope the 
deposits. After rinsing the deposits with acetonitrile and dichloromethane, they were dried for 
20 min at 100 °C. The collection of ca. 2 mg of material was necessary for reliable BET 
measurements. For morphological characterization, carbazole-based MPN films on ITO were 
prepared by applying ten voltammetric cycles in the potential range of -1.0 V to 1.1 V at scan 
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rate of 0.01 Vs
–1
. After rinsing the films with acetonitrile and dichloromethane, they were 
dried for 20 min at 100 °C.  
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Summary and Outlook 
 
6.1. Summary of Chapters 2 – 5 
Thin films of microporous polymer networks (MPN) were generated by electrochemical 
polymerization of a series of di-, tri- and tetrafunctional carbazole-based monomers. The 




 as directly measured 
by krypton sorption experiments. A correlation between the number of polymerizable 
carbazole units of the monomer and the resulting surface area is observed. Electrochemical 
sensing experiments with 1,3,5-trinitrobenzene demonstrate an up to 180 times increased 
current response of MPN-modified glassy carbon electrodes in relation to non-modified 
electrodes based on intermolecular interactions between the electron-poor nitroaromatic 
analytes and the electron-rich, high surface area microporous deposits. Further on, fluorescent 
thin MPN films were used in the gas-phase detection of 2,4,6-trinitrotoluene up to trace (ppb) 
concentrations. 
  
Chemical polymerization of tetraphenylmethane or -silane, tetra- and octacarbazolyl-substi-





Slightly increased SBET values result for the materials made from the octacarbazolyl 
monomers if compared to the tetracarbazolyl analogues, while the exchange of the central 
carbon by a silicon atom leads to decreased surface areas. Moreover, electrochemical 
oxidative coupling enables the formation of thin polymer films. Electrochemical quartz 
microbalance measurements allow for an in-situ characterization of the electrochemical MPN 
generation. The electrochemical reduction of various nitroaromatic compounds (NACs) on 
MPN-modified glassy carbon electrodes was studied and applied for high sensitivity NAC 
detection up to the ppb level. 
 
Thiophene-based monomers were synthesized by Stille- or Suzuki-type couplings followed by 
chemical or electrochemical polymerization into microporous polymer networks with high 




 were determined for 
tetraphenylmethane-cored bulk MPN powders and thin films. Electrochemical polymerization 
in boron trifluoride diethyletherate/dichloromethane mixtures allows for the generation of 
MPN films with optimized porosity. A distinct effect of boron trifluoride on the connectivity 
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of the monomeric units during electropolymerization was observed for 3-thienyl-substituted 
monomers. The influence of the specific surface area of MPNs on the electrochemical 
response towards 1,3,5-trinitrobenzene was studied for these materials.   
 
Finally, microporous polymer networks were prepared from AIE-active tetraphenylethene 
(TPE)-cored, multifunctional carbazole- or thiophene-based monomers by using chemical and 
electrochemical oxidative coupling methods. Octacarbazolyl monomers lead to MPNs with 




. These MPN 




Regarding the electrochemical detection of nitroaromatic compounds (NACs) at MPN-
modified electrodes, different approaches could help in improving the sensitivity of the 
method: i) Inclusion of additional electron-rich moieties into the monomers for facilitating the 
formation of charge-transfer complexes between MPN deposit and NACs; ii) Use of thicker 
MPN deposits with higher specific surface areas in order to increase the interfacial 
interactions; iii) Linear scan voltammograms at higher scan rates in diffusion-controlled 
regime for boosting the amperometric response; iv) Utilization of other electrochemical 
techniques with higher sensitivities e.g. differential pulse voltammetry (DPV);
1
 and v) Use of 
the electrochemical quartz crystal microbalance (EQCM) for an electrogravimetric detection 




On the other hand, the application potential of electrogenerated MPN films that contain 
benzotrithiophene as electron donor phase in the active layer of organic solar cells (OSCs)  
has been described by Jiang and co-workers.
3
 They reported maximum power conversion 
efficiency (PCE) of 5.02 %. The incorporation of donor/acceptor couples as frequently used 
for the design of linear polymers
4
 may be applied for generation of related donor/acceptor 
tectons for MPNs (see Scheme 1) that can be used for the fabrication of efficient OSC. 
 
 Finally, OSCs based on non-fullerene electron acceptors have been described with 9,9’-
bifluorenylidene derivatives.
5
 The electrochemical generation of MPNs based on tectons with 
9,9’-bifluorenylidene cores could be possible by attaching multiple electropolymerizable 
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substituents (see Scheme 1). Combining both approaches, fully electrogenerated, 
interdigitated donor and acceptor phases of MPNs may be tested as active layer of OSCs, 
possibly assembled by a layer-by-layer electrodeposition.   
 
 
Scheme 1. Proposed chemical structures of multifunctional monomers for electrogeneration 
of electron donor (left) or electron acceptor (right) MPNs. 
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List of Abbreviations 
 
A  Absorbance 
AFM  Atomic force microscopy 
AIE  Aggregation-induced emission 
APLI  Atmospheric pressure laser ionization 
BET  Brunauer-Emmett-Teller  
BFEE  Boron trifluoride diethyletherate 
ca.  circa (approximately) 
CBP  4,4'-Di(carbazol-9-yl)-1,1'-biphenyl  
CBPBT 4,7-Di[4-(carbazol-9-yl)phenyl]benzo[c]-[1,2,5]thiadiazole 
CE  Counter electrode 
CP  Conducting polymer 
CPMAS Cross-polarization magic-angle spinning 
CV  Cyclic voltammogram 
Cz  Carbazole 
DCM  Dichloromethane 
DNB  1,3-Dinitrobenzene  
DNT  2,4-Dinitrotoluene 
E  Potential 
e.g.  exempli gratia (for example) 
Ep  Potential peak 
EQCM  Electrochemical quartz crystal microbalance  
FD  Field desorption  
FT-IR   Fourier transform infrared spectroscopy 
GC  Glassy carbon 
HOMO Highest occupied molecular orbital 
i  Current 
I  PL intensity 
I0  Initial PL intensity 
ip  Current peak 
ITO  Indium tin oxide 
KSV  Stern-Volmer quenching constant 
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LSV  Linear scan voltammogram 
LUMO Lowest unoccupied molecular orbital 
MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight 
MeCN  Acetonitrile 
MPN  Microporous polymer network 
NAC  Nitroaromatic compound 
NB  Nitrobenzene 
NHE  Normal hydrogen electrode 
NLDFT Nonlocal density functional theory  
NMR  Nuclear magnetic resonance 
NP  4-Nitrophenol 
NT  4-Nitrotoluene  
OFET  Organic field effect transistor 
OLED  Organic light emitting diode 
OPV  Organic photovoltaic 
OSC  Organic solar cell 
P  Pressure 
P0  Atmospheric pressure 
PBS  Phosphate buffer solution 
PL  Photoluminescence 
ppb  Parts per billion 
ppm  Parts per million 
ppt  Parts per trillion 
Q  Electric charge 
QY  Quantum yield 
RE  Reference electrode 
RMS  Root-mean-square roughness  
Rq  Root-mean-square roughness  
SBET  Specific surface area calculated by applying BET equation 
SEQCM  Electrochemically accessible surface area  
Sp3Th  2,2’,7,7’-Tetra(thien-3-yl)-9,9’-spirobifluorene 
SpCz  2,2’,7,7’-Tetra(carbazol-9-yl)-9,9’-spirobifluorene 
SpTh  2,2’,7,7’-Tetra(thien-2-yl)-9,9’-spirobifluorene 
TBABF4 Tetrabutylammonium tetrafluoroborate 
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TBAP  Tetrabutylammonium perchlorate 
TCB  1,3,5-Tri(carbazol-9-yl)benzene 
TCTA  Tri[4-(carbazol-9-yl)phenyl]amine 
TGA  Thermogravimetric analysis 
Th  Thiophene 
THF  Tetrahydrofuran 
TNB  1,3,5-Trinitrobenzene 
TNP  2,4,6-Trinitrophenol 
TNT  2,4,6-Trinitrotolunene 
torr  Torricelli 










TPTCz  Tetra[4-(carbazol-9-yl)phenyl]methane 
TPTCzSi Tetra[4-(carbazol-9-yl)phenyl]silane 
TPTTh  Tetra[4-(thien-2-yl)phenyl]methane 
v  Scan rate 
Va  Volume of adsorbate 
vs.  versus (against) 
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